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Preface 
The increase of greenhouse gases (GHG) emissions in the atmosphere due to human activities 
such as fossil fuel burning, deforestation and land-use changes, is causing increases in surface 
temperature. From the pre-industrial era to the current days, the carbon dioxide (CO2) 
concentration has increased from 280 ppm to  398.17 ppm (NOAA, 2015) and according to the 
Intergovernmental Panel on Climate Change (IPCC, 2014) globally averaged combined land and 
ocean surface temperature data show a warming of 0.85°C per decade over the period 1880 to 
2012. Under higher temperatures, the atmosphere has a higher capacity to hold water vapor 
(Horton et al, 2010), increasing the time interval between rain events and the magnitude of 
precipitation especially in extreme events. Thus, at higher temperatures the frequency at which 
precipitations occur tends to decrease while the intensity of such precipitations tends to increase. 
In the urban environment, where typically the majority of surfaces are impermeable, the impact 
of climate change tends to exacerbate the occurrence and the intensity of floods as well as 
droughts and heat waves.  
Within this context, there has been much discussion about strategies that could effectively help 
cities to reduce their CO2 emissions to the atmosphere (mitigation strategies1) and to adapt to the 
impacts caused by climate change (adaptation strategies2). Regarding the impacts caused by 
urban floods, a decentralized approach, known as green infrastructure (GI) has been proposed as 
an alternative to the traditional concrete infrastructures (gray infrastructures [GR]). GI sustains, 
or attempts to replicate pre-development site hydrology in the post-development condition 
                                                          
1 Climate change mitigation comprises sinking GHG emissions and concentrations. Mitigation is a fundamental response to a changing climate. 
The greater the decline of emissions and concentrations of GHG, the less intense the negative impacts of climate change will be (European 
Union, 2010). 
 
2 Climate change adaptation involves adjustments in natural or human systems in reaction to actual or expected climatic forcing or their effects, 
which moderate harm or exploit beneficial opportunities (European Union, 2010). 
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(Montalto, 2007), taking advantage of natural processes like infiltration, interception and 
evapotranspiration to manage stormwater (Davis et al, 2012). Beside capturing precipitation and 
reducing the amount of runoff that is convened to the sewer systems, GI can provide other 
benefits such as reduction of heat island effects, increased air and water quality, carbon 
sequestration, expansion of recreational spaces, increased habitat for flora and fauna among 
others (Wise et al, 2010). Because of their capacity to deliver multiple benefits, GI has been 
proposed as a sustainable alternative for cities to mitigate and adapt to climate change (Mason & 
Montalto, 2014; Union European, 2010). Several government grants have been launched recently 
to focus on the development, application and evaluation of methodologies for integrating GI into 
urban spaces as adaptation efforts to climate change (DOI, 2014; NOAA, 2014). Nevertheless, 
the body of literature that assesses GI as an effective strategy to help cities to build resilience to 
climate change remains small. For instance, the performance of designed urban green spaces 
under climate change is still poorly understood.  
In addition, the comparison between potential benefits of GI applied to urban watershed scale 
with the environmental costs associated with their installation and maintenance is still poorly 
supported by research (Pataki et al 2011). In order to better explore these research gaps, this 
thesis aims to evaluate GI as a means of reducing climate risks in the urban northeast 
environment. To reach out this main objective, we propose three different hypotheses: 
  
Hypothesis #1: Green infrastructure can reduce GHG emissions associated with urban drainage 
infrastructure 
• Compared to grey (stormwater management) infrastructure strategies, GI releases lesser 
GHG emissions over its entire useful life 
 
Hypothesis #2: GI can help cities adapt to extreme precipitation 
• GI facilities can significantly reduce urban runoff even during extreme precipitation  
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Hypothesis #3: GI vegetation is not vulnerable to climate change, especially to floods and 
droughts  
• The risk of plant mortality within the expected envelope of climate variability (floods and 
droughts) is insignificant.   
 
The three hypotheses, as well as, a preliminary chapter that introduces the thesis topic, are 
presented separately in a scientific journal format. Chapter 1 reviews literature about the leading 
climate risks facing the Northeast Region (NE) of Unites States of America (USA), while 
provides an overview of the ongoing GI initiatives in the USA and their potential value for 
reducing vulnerability to the key climate risks faced by the urban northeast region. Chapter 2 
addresses hypothesis #1 and includes a study conducted at the watershed scale level that used life 
cycle assessment techniques to compare the carbon footprint of a green and a grey strategy to 
reduce combined sewer overflow occurrence (CSO) in a highly urbanized watershed. Chapter 3 
addresses hypothesis #2 via an investigation at the site scale that evaluated the performance of a 
bioretention installed in an urban watershed during extreme events including Hurricane Sandy 
and Hurricane Irene. Chapter 4 addresses hypothesis #3 and presents an experiment conducted in 
a greenhouse that evaluated the response of two species commonly used in vegetated GI sites to 
consecutive periods of floods and drought. This thesis finalizes with a general conclusion section 
for all the chapters. 
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Chapter 1: Potential value of green infrastructure initiatives for reducing 
climate risks faced by urban northeast region of USA3 
Overview 
Throughout the urbanized northeast region of the United States, significant investments are 
currently being made in the restoration, enhancement, and creation of green infrastructure (GI), 
broadly defined here as encompassing natural areas, as well as new, engineered green spaces and 
parks. The catalyst for these initiatives varies widely from urban stormwater management, to 
urban waterfront redevelopment, park and habitat restoration, or even urban beautification. As 
the extent and pace of these varied projects accelerates, there is increased interest in their 
potential aggregate value as climate change mitigation and adaptation strategies, especially in the 
wake of recent extreme climatic events to pass through the region, Superstorm Sandy and 
Hurricane Irene noteworthy among them. Can urban vegetation installed in GI sequester and 
storage significant amounts of carbon? Can GI avoid installation of additional concrete 
infrastructure to control urban runoff, preventing the release of tons of GHG associate with the 
installation and O&M (operation and maintenance) of such additional grey infrastructure? Can 
new parklands reduce urban flooding? Can new street trees reduce the energy used in residential 
air conditioning? Are restored coastal wetlands and subtidal habitat valuable for reducing the 
energy of waves and surges? Can harvested and reused rainwater promote resilience to drought? 
Though research in this field is in still in its infancy phase, great strides forward are being made. 
This chapter provides an overview of the ongoing GI initiatives in the US and their potential 
value for reducing vulnerability to the key climate risks faced by the urban northeast region. Our 
                                                          
3 Portions of this chapter has been published on a book as follows: 
Montalto, F.M. and De Sousa, M.R. (2014). Green infrastructure come strategia di adattamento per le aree urbane del nord-est degli Stati Uniti 
In F. Musco and E. Zanchini (Eds). Il clima cambia le città. Strategie di adattamento e mitigazione nella pianificazione urbanistica (pp. 250-
266). Milano, Italy:FrancoAngeli. 
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purpose is to review literature that can help us to assess whether the kinds of GI being 
implemented are likely to be able to help the region to reduce its GHG emissions and to limit its 
vulnerability to climate change. After describing the evolution in usage of the term GI, we 
review the leading climate risks facing the region, highlighting potential resilience built by 
different kinds of GI. The chapter concludes with a description of specific challenges that this 
highly urbanized region faces in mitigating and adapting to climate change via GI and 
summarizes the three hypotheses proposed by this thesis in order to address the research gaps 
previously pointed out. 
What is green infrastructure? 
The earliest usage of the phrase green infrastructure in the USA was in the 1990s, with reference 
specifically to the conservation and restoration of ecologically valuable areas, typically as a 
means of controlling urban sprawl and its consequences. GI referred to an interconnected 
network of natural areas (open spaces, waterways, wetlands, watersheds, woodlands, wildlife 
habitat, parks) that provided vital services to maintain ecological processes, sustain air and water 
resources and contributed to enrich health and quality of life for people (PCSD (The Presdent’s 
Council on Sustainable Development), 1999). A region’s GI was conceptualized as a network of 
hubs and links. The hubs were viewed as the most ecologically valuable areas, providing an 
origin and destination for wildlife, and serving as a nucleus for various natural processes 
(Williamson, 2003) The links were the transport system between the hubs and facilitated animal 
and seed movement to maintain viable and persistent metapopulations (Weber and Wolf, 2000).  
Though early usage of the term GI was most frequently in a suburban or rural context, the ability 
of GI to serve urban landscapes was also recognized early on, for example as part of the Jamaica 
Bay Comprehensive Watershed Plan in New York City. This plan, completed in the early 1990s 
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by the New York City Department of Environmental Protection (NYC DEP), recognized that a 
combination of natural processes and engineering solutions could reduce the cost of clean water 
compliance from $2.3 billion to $1.2 billion. The plan relied on wetland restoration projects to 
improve water quality conditions at the Bay boundary. NYC DEP studies suggested that by 
reducing its depth to historical levels (after decades of narrowing and deepening it), the bay’s 
residence time could be shortened from 35 to 11 days (Appleton, 1995). The shorter residence 
time would, in turn, mean that the bay was more frequently reoxygenated with ocean water, and 
that anthropogenic nitrogen loads were more efficiently and more frequently flushed out, 
yielding an improved ecosystem with better water quality and improved ecology (Appleton, 
1995). 
Despite this relatively early project, usage of the term GI in an urban context was not codified 
until 2006, when the Natural Resources Defense Council published its seminal report: Rooftops 
to Rivers: Green Strategies for Controlling Stormwater and Combined Sewer Overflows (NRDC, 
2006). This report re-defined GI as the “trees, vegetation, wetlands, and open space preserved or 
created in developed and urban areas (emphasis added)—a strategy for stopping water pollution 
at its source.” The focus of the NRDC definition was clearly on stormwater management.  
Following publication of the NRDC report, a number of water utilities began modeling the 
ability of GI to reduce wet weather flows, and instituted a variety of pilot projects. Gradually, GI 
became formally incorporated into the wet weather flow control plans of different municipalities 
and stormwater utilities. Syracuse, NY became the first municipality that was required by court 
order to use GI to solve combined sewer overflow (CSO) problems. Since 2010, roughly $26.25 
million have been spent on its “Save the Rain” program to construct different GI technologies, 
capturing 132 million gallons of stormwater per year. The program includes installation of 
16 
 
bioretention facilities, infiltration trenches, porous pavements, cisterns, tree plantings, green 
roofs, wetlands, and ultimately aims to reduce the occurrence of CSO events by 95% while 
improving the environment and urban quality of life (Save the rain, 2015). Philadelphia became 
the first city to voluntarily include GI in its long term plan for reducing combined sewer 
overflows. The Philadelphia Water Department’s “Green City, Clean Waters” program will 
invest $1.67 billion dollars to eliminate the mass of pollutants that otherwise would be removed 
by the capture of 85% of the combined sewage volume collected in the combined sewer system 
during precipitation events on a system-wide annual average basis (PWD (Philadelphia Water 
Department), 2011). New York City’s 2010 Green Infrastructure Plan aims to capture the first 
inch of rainfall from 10% of the impervious areas in combined sewer watersheds through 
detention or infiltration techniques over 20 years. By diverting that first inch of runoff from the 
combined sewer system, the NYCDEP estimates that CSOs will be reduced by approximately 
1.5 billion gallons per year at a cost of approximately $2.4 billion (NYC DEP 2013).  
GI is also being implemented for a wide range of other purposes, and the US Environmental 
Protection Agency’s most recent re-definition of the term reflects this trend. The EPA (U.S. EPA 
(U.S. Environmental Protection Agency), 2013a) now defines GI as “an approach that 
communities can choose to maintain healthy waters, provide multiple environmental benefits and 
support sustainable communities.” In the form of wetlands, GI is, for example, currently being 
built or restored to compensate for historical losses of natural areas like tidal wetlands and 
beaches through Section 404 of the Clean Water Act. Between 1993 to 2005, the USA gained 
roughly 237,000 hectares of wetlands through mitigation credits, to compensate for 122,000 
hectares lost nationally during that same period (Mitsch & Hernandez, 2013). Wetland 
conservation and restoration efforts are also included more generally in many of the region’s 
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natural areas management plans, in recognition of the value of these systems toward flood 
control, water quality improvement, and as habitat. The Delaware Estuary Enhancement 
Program, for example, preserves around 4050 hectares of wetlands and includes a variety of 
approaches to restoration and management (Stammermann & Piasecki, 2012). In the New York 
Metropolitan region, the Comprehensive Conservation and Management Plan for the Harbor 
Estuary, the Hudson River Estuary Management Plan, the Long Island Sound Study 
Comprehensive Conservation and Management Plan, the New Jersey Meadowlands 
Commission’s Environmental Improvement Program, Long Island South Shore Estuary Reserve 
Management Plan all emphasize wetland restoration and conservation (Franco A. Montalto & 
Steenhuis, 2004). New York City’s Wetlands Strategy, launched in 2012 will invest $48 million 
to protect, preserve and restore 127 acres wetlands and Neighboring areas, adding 75 acres of 
wetland to the New York City Parks system and creating natural areas conservancy (City of New 
York, 2013).  
 
In the form of restored dunes and beaches, GI projects have also proven to be an effective 
solution to erosion problems (Elko & Wang, 2007). GI projects motivated by the need to control 
erosion are ongoing nationally, with noteworthy projects along the west coast of Florida (Elko & 
Wang, 2007); (Roberts & Wang, 2012), as well as in coastal New Jersey (KF, NL, & HA, 2009), 
New York (Bocamazo, Grosskopf, & Buonuiato, 2011), and North Carolina (Kana & 
Kaczkowski, 2012).   
Urban forestry projects are yet another increasingly common form of GI found throughout the 
region. This GI typology is implemented in recognition of the numerous and diverse services 
trees can provide. Trees are believed to improve health by reducing air pollutants (D.J. Nowak, 
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Hoehn, D.E., J.C., & Walton, 2006), to enhance wildlife habitat by providing food and shelter for 
birds, to improve water quality and stormwater management by intercepting precipitation before 
it hits the ground (U.S. EPA (U.S. Environmental Protection Agency), 2013b), to mitigate for 
climate change by serving as carbon sinks (David J. Nowak, Hoehn, Crane, Stevens, & Walton, 
2006), and to generally reduce energy expenditures on cooling (H. Akbari, 2009; Gregory 
McPherson, 1992; David J Nowak & Crane, 2002; James R. Simpson, 2002). Two municipal 
programs, “Million Trees NYC” and “Million Trees Los Angeles” represent large scale urban 
forestry programs initiated in direct response to these various perceived social, environmental, 
and economic benefits of trees in the urban environment (Locke, 2010); (Pincetl, 2010). 
Philadelphia’s Green Works Plan also sets an ambitious target of increasing tree coverage toward 
30% in all Philadelphia neighborhoods by 2025 (City of Philadelphia, 2013).  
New and enhanced GI is perceived as creating new recreational opportunities. Greening 
initiatives in Philadelphia are expected to increase the number of recreational visits throughout 
the City by up to 350 million over a 40-years period (from 2010 to 2049) (PWD (Philadelphia 
Water Department), 2009a). New York City’s GI plan (NYC DEP (New York City Department 
of Environmental Protection), 2010) suggests that the aesthetic benefits provided by vegetated 
source controls will improve the livability of neighborhoods, increasing property values. In 
Massachusetts, stakeholders from the Mystic River watershed claim that by creating and 
protecting open spaces and greenways, water quality can be improved while the community’s 
amenities area also enhanced (US EPA (US Environmental Protection Agency), 2011a)   
Green infrastructure and climate change mitigation/adaptation 
Though many different kinds of GI projects are being implemented throughout the region, none 
of these projects have been motivated principally by the need to reduce GHG emissions or to 
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adapt to a changing climate. The earliest reference to GI as a potential climate change mitigation 
and or adaptation strategy was in 1999 when the PCSD recommended GI as one of several 
climate protection strategies that offer multiple benefits and that help to solve social, economic 
and environmental problems, and that create opportunities for current and future generations. 
Among other of its perceived benefits, carbon sequestration, recreation, flood and erosion control 
were cited by PCSD as key benefits of green space preservation and urban forestry (PCSD (The 
Presdent’s Council on Sustainable Development), 1999). 
Although few references to GI explicitly as a climate change mitigation/adaptation strategy were 
found since the PCSD report, there has been increased interest in its potential value as a regional 
climate change adaptation strategy, especially in the wake of recent extreme climatic events to 
hit the urban northeast. Observations by the authors and others noted that where there had been a 
coastal wetland, there may have been a buildup of wrack and debris, but there were no wrecked 
houses or lost lives resulting from Superstorm Sandy in 2012. Many reports in the immediate 
aftermath of the storm from the New Jersey Coast (Gebert, 2013; Westhampton-HamptonBays, 
2013), Fire Island  (Protectli, 2013), and the Rockaways (City of New York, 2013) indicated that 
where beach (USGS (United States Geological Survey), 2013) dunes had been nourished 
(widened and built higher with dunes) coastal damages associated with Sandy’s surge were 
minimized. Narrow, low-lying beaches were not able to prevent flooding, but did seem to have 
had some ability to mitigate the destructive energy of Sandy’s waves.  
In partnership with the New York City Department of Parks and Recreation, our research group 
at Drexel has been studying the performance of smaller, engineered forms of GI during extreme 
precipitation events. These systems, designed principally to manage stormwater, are proving 
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capable of significantly reducing the rate and volume of urban runoff generated by their 
catchment areas, even during intense and large rain events like Hurricane Irene.  
Such observations have peaked interest in whether large scale, distributed GI programs are more 
cost-effective than centralized “hard” approaches to climate change adaptation. Just as many 
municipalities now favor distributed GI programs over the construction large, centralized tanks 
or tunnels for stormwater management, the regional resilience question is whether GI distributed 
in and around the region’s urbanized area can avert the need for large-scale engineered 
adaptation measures such as storm surge barriers, new water supplies, or massive flood control 
projects.  
It is important to note that while GI can potentially function as an adaptation measure to a 
changing climate, it also plays an important role as a mitigation strategy to climate change as a 
meaning of reduction of GHG emissions. For instance, avoiding the implementation of additional 
concrete infra-structure that would be necessary to control increases in urban runoff due 
intensification of extreme precipitation events, GI is also precluding the release of millions of 
tons of GHG to the atmosphere associated with the installation and operation and maintenance 
(O&M) of such additional gray-infrastructure. From a heat island mitigation perspective, each 
pound of water that evaporates from restored or newly engineered vegetation canopies, moist 
soils, or surface water bodies also consumes 970 BTU of latent heat – heat that during the 
summer months could otherwise be offset by mechanical air conditioning systems which are 
associated to large energy usage and consequent GHG emissions. In addition, vegetation 
installed in GI can be a carbon sink.  
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Recent reports (NCA, 2013; NPCC, 2013) suggest that the urban northeast will experience rising 
sea level, increased temperatures, and changes in the intensity and distribution of precipitation. 
In the following subsections, we briefly summarize each of these expected changes, and then 
discuss the potential value of specific types of GI for adaptation, outlining key research questions 
as we go.  
Sea level rise 
Over the past thousand years, sea level along the Atlantic seaboard rose at a rate of 0.86- 1.09 cm 
per decade, but during the 20th century this rate increased to 3.05 cm per decade (NCA, 2013).  
The rate of rise along the US Atlantic coast was, in general, greater than the global average 
during last century (Sallenger, Doran, & Howd, 2012; Yin et al., 2011) and is projected to 
remain so over the 21st century (NCA, 2013).  Locally, however, the rate of sea level rise varies, 
due to differential rates of deposition of marine sediments, variable rates of glacial isostatic 
adjustment (Mitch and Gosselink 2000, Montalto and Steenhuis 2004), land subsidence (Church, 
Woodworth, Aarup, & Wilson, 2010) and changes in ocean circulation in the North Atlantic 
(Sallenger et al., 2012), among other factors. The NPCC (NPCC, 2013), for example, reports that 
by the 2050s, the 30 year mean sea level in New York City could be 0.28-0.78 m higher than it 
was during a baseline observation period (2000-2004). (Yin, Schlesinger, & Stouffer, 2009) 
indicates that by 2100, mean sea level in Boston could be 0.37-0.52 m higher than it was 
between 1981-2000, while mean sea level in Washington DC could be 0.33-0.44 m than it was in 
that same baseline period. (Cooper, Beevers, & Oppenheimer, 2008) suggests that in the decade 
starting in 2090, mean sea level at the Jersey shore could be 0.19-0.59 m higher than it was 
between 1980-1999. Rising sea level increases the risk posed by surges and other periodic 
22 
 
extreme events. As this trend progresses, urban coastal flooding is expected to worsen, causing 
disruptions to services and threatening public health and safety (NCA, 2013). 
Both theoretical and observational studies suggest that various types of GI can build resilience to 
sea level rise in coastal communities. As sea level rises,  researchers are investigating the ability 
of subtidal habitat and riparian wetlands to dampen the amplitude of high tides and surges 
(Alongi, 2008; Badola & Hussain, 2005) (Barbier, 2006; Rapport, 1998). By restoring or creating 
tidal wetlands by removing fill and lowering coastal elevations, more space is created in which to 
store high flows and dissipate waves. Though not in the US northeast, a recent report analyzed 
the costs and benefits of tidal marsh restoration as a sea level adaptation strategy in San 
Francisco Bay (ESA (European Space Agency) & PWA (Public Works Administration), 2013).  
The study concluded that tidal marshes can reduce storm wave heights by more than 50%, 
depending on water depth and marsh width.  As cited above, there were widespread reports of 
the protective role that beaches up and down the Atlantic coast played during Superstorm Sandy. 
Beach nourishment projects in the town of Nags Head, North Carolina were reported to have 
minimized damages to homes, businesses and infrastructure in the town, compared to 
neighboring areas in Dare County (Town of Nagshead, 2013).  Beachfill placement, periodic 
beachfill replenishment and dune construction projects implemented since 1996 in Westhampton 
Beach, New York appear to have stabilized the shoreline and resulted in volumetric growth of 
the dune field (Bocamazo et al., 2011). These measures were believed to have buffered Sandy’s 
force, as ocean-side properties that were protected by the beach and the dunes did not appear to 
suffer any severe damage, while many of the bayside homes in the same town were flooded with 
bay waters (Westhampton-HamptonBays, 2013).  A similar observation was made further to the 
west on Long Island. Six years ago, three towns Point Lookout, Lido Beach, and Atlantic Beach, 
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approved the construction and built 15-foot-high dunes as storm insurance, while a neighboring 
town, Long Beach, did not. When Sandy hit, the communities that had built the dunes 
experienced far less damage than neighboring Long Beach, where property and infrastructure 
losses were estimated at more than $200 million (New York Times, NAVARRO, & NUWER, 
2013).  
In recognition of the apparent value of these kinds of GI projects for reducing flood risks in 
coastal areas, the Disaster Relief Appropriations Act of 2013 includes strategies that involve 
protection and restoration of natural coastal features along the shoreline areas of North Atlantic 
region that were reached by the Hurricane Sandy  (USACE (US Army Corps of Engineers), 
2013). Various funding agencies, (NOAA, for example) have issued several requests for 
proposals for more research on this topic. In collaboration with the Trust for Public Land, a 
national nonprofit, our research team is analyzing Sandy damages and the location of different 
types of GI in an effort at ascertaining in a statistically robust way whether GI systematically 
reduced damages.  An initiative of the President’s Hurricane Sandy Rebuilding Task Force, the 
US Department of Housing and Urban Development has, through its Rebuild By Design 
competition, engaged teams of designers to investigate some of the design challenges associated 
with retrofitting GI into the northeast region in this way.  
 
Rising temperature and Heat waves 
Since 1970, mean temperature across the USA northeast has increased at a rate of 0.25ºC per 
decade (K. e. a. Hayhoe, 2006). Over the next several decades, temperatures across the region 
(compared with the 1961-1990 basis) are expected to continue to increase  by 5-6.7ºC in winter, 
and by 1.67-7.80 ºC in summer, under both the higher (A1FI) and lower (B1) IPCC emissions 
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scenarios, respectively (Christensen et al., 2007; P. e. a. Frumhoff, 2006). By 2080, mean annual 
temperatures (relative to the 1970-1999 base period) are projected to increase by 1.6- 5ºC 
(Consortium for climate Risk in the urban Northeast, 2015).  The number of hot days defined by 
the NPCC as days with a maximum temperature over 32ºC, is also expected to increase as the 
21st century progresses (NPCC, 2013). By 2041-2070, the number of days with a maximum 
temperature greater than 30°C is projected to rise by up to 13 days compared to the baseline 
period 1971-2000, assuming continued increases in global emissions (NCA, 2013).  New York 
City (NYC) is specifically expected to experience more than 21 additional days (compared to the 
baseline 1971-2000) per year above 30°C (NPCC, 2013). In addition, the frequency and duration 
of heat waves, defined as 3  or more consecutive days with maximum temperatures above 32ºC 
(NPCC, 2013), are also expected to increase in NYC. By 2050s the number of heat waves per 
year is projected to increase up to 5 days (compared to the baseline 1971-2000). 
Vegetated GI can help cool urban environment through shading effects and enhanced 
evaporation. During the summer, leaves and branches of trees can diminish the amount of solar 
radiation that penetrates the canopy of a tree by 10 to 30% (Jardine, Merideth, Black, & LeRoy, 
2013) reducing surface warming. Through the process of transpiration, vegetation extracts water 
from the soil, releasing it as water vapor through its leaves. Because the conversion of water 
from liquid to gaseous phase requires roughly 2,000 BTU for each kilogram of liquid water 
(Norman, 1998), when plants transpire, they are also wicking heat away from the surface, 
incrementally lowering the ambient temperature. On hot days, a tree can transpire up to 100 
gallons of water (Hashem Akbari, Pomerantz, & Taha, 2001), particularly value since the 
temperature of city centers can be 5°C higher than surrounding leafy green suburbs (H. Akbari et 
al., 1992). Reductions of up to 19°C were observed in a study comparing surface temperature of 
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an asphalted and tree shaded areas of an urban park (Rahman, Armson, & Ennos, 2014). 
Vegetation can provide thermal comfort and help reduce the use of air conditioning in buildings. 
In a study conducted in NYC’s neighborhoods a combined strategy of tree planting and green 
roofs was associated with peak load reductions of 2-3% (S. Gaffin et al., 2008).    
Saiz et al (Saiz, Kennedy, Bass, & Pressnail, 2006) compared energy use under a green and 
conventional roof and found that while annual energy savings are just over 1%, the summer 
cooling load is reduced by more than 6%, with associated reductions of up to 25% in the peak 
hour cooling load of the upper floors. A study performed in a Pittsburgh commercial building 
revealed that during summer, surface temperatures on a gravel ballasted roof membrane can be 
up to 50% higher than on those of a green roof (Kosareo & Ries, 2007). Our own group has been 
comparing the temperature of green, reflective, and black roofs over the past year, finding that 
the green roof compared to the black roof could lead to reductions up to 6.67 °C during the 
summer (Jeffers, 2013). 
Changes in precipitation patterns   
Climate models predict that future warming will have a more pronounced impact on storm 
intensity than on total annual precipitation depths, though both are expected to increase. Using 
1961-1990 as a reference period, by the end of this century the northeast is projected to witness 
an increase of 10 to 15% in precipitation intensity (represented as the amount of rain that falls on 
any given rainy day), 12 to 13% in the number of heavy precipitation events (defined as more 
than 5.08 cm of rain falling in less than 48 hours), 20% in the intensity of once-a-year extreme 
precipitation events (P. e. a. Frumhoff, McCarthy, Melillo, Moser, & D.J, 2007) and up to 14% 
in annual precipitation amounts (K. e. a. Hayhoe, 2006). Another assessment (NCA, 2013) 
revealed that the Northeast has experienced a greater increase in extreme precipitation over the 
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past few decades than any other region in the country and between 1958 and 2011, this region 
experienced a 74% percent increase in the amount of precipitation falling in very heavy events 
(here defined as the heaviest 1% of all daily events). NCA (NCA, 2013) also found that the 
number of days with precipitation exceeding 2.54 cm in NE by the 2050s will likely increase up 
to 2.5 day per year, however in specifically NYC this number increase up to 4 days (NPCC, 
2013). On the other hand, NCA (NCA (National Climate Assessment), 2013) forecast that the 
number of consecutive days with little (less than 0.3cm) or no precipitation (which can have 
large impacts) is expected to increase up to 4 days per year (NCA, 2013). Regarding seasonal 
projections, by the end of this century and under a high emissions scenario, winter precipitation 
changes range from -5% to +19% (NCA, 2013) while summer precipitation changes range from -
35% to +13% (NCA, 2013) . Less frequent, but more intense, precipitation events may increase 
runoff and exacerbate the severity of drought, simultaneously reducing evapotranspiration and its 
associated climate regulating benefits. This same trend is likely to increase the risk of flooding, 
especially in impervious urban areas. In summary, though total annual precipitation amounts 
may not change significantly, there could be significant increases in the occurrence of floods and 
droughts throughout the region (NCA, 2013; Trenberth, 2003).  
By promoting interception, infiltration, and evapotranspiration, GI can help to mitigate for the 
effects of altered precipitation characteristics. The NYC DEP (NYC DEP (NYC Department of 
Environmental Protection), 2012) reports that GI pilot projects (bioretention and enahced tree 
pits) monitored between 2011 and 2012 retained between 64% and 100% of the stormwater 
routed to them during storms of up to 1 inch depth. The same report cites a pair of connected 
bioretention areas that were able to retain 100% of the stormwater routed to it during events of 
50 mm and less and up to 80% of total stormwater generated by 100-200 mm events.  From 
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November 2005 to January 2007, Hunt et al (Hunt, Hathaway, Winston, & Jadlocki, 2010) 
monitored a bioretention system in suburban Charlotte, North Carolina and found that the facility 
could reduce by 85% the cumulative runoff volume that was directed to the facility. Pyke et all 
(Pyke et al., 2011) simulated engineered GI performance under increased precipitation scenarios 
and found that even a minor reduction in the impervious cover (from 25 to 16%)  of a 
redevelopment project south of Boston, MA, had the potential to significantly reduce increases in 
stormwater runoff volume associated with rises in precipitation. Davis et al (Davis et al., 2012) 
reported the hydrologic performance of three different bioretention sites installed in 
Pennsylvania (no underdrain), Maryland (conventional underdrain) and North Carolina (internal 
water storage). The Pennsylvania site was able to retain 52% of the total volume of runoff that 
was directed to it, while the Maryland site retained 77%, and the North Carolina site retained 
86%.  
The challenges that altered precipitation patterns present for the long term viability of GI as a 
climate change adaptation strategy are formidable, and illustrative of the kind of research 
challenges that lie ahead. Precipitation regime controls the soil water availability, a key 
determinant of plant health. While vegetated GI can help to promote evapotranspiration and 
associated cooling, it can also be vulnerable to floods and drought. Higher temperatures will 
increase evapotranspiration levels that, combined with extended dry periods, could lead to lower 
moisture levels and ultimately vegetation dehydration and mortality. On the other hand, because 
GI sites designed for stormwater management are typically depressed below the street and 
sidewalk elevation, these elements are frequently subjected to inundation and soil saturation. 
Prolonged soil saturation deprives plant roots of oxygen, another path to plant mortality (M.  
Johnston, 2001).  
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Since watershed managers seek to minimize operation and maintenance needs, irrigation of GI 
sites is generally considered undesirable, as is the need to regularly replace vegetation. Species 
selection then becomes a key determinant of the value of GI as a climate change adaptation 
strategy, yet research in this area is currently lacking. More work is needed to identify those 
species most likely to withstand the extreme environmental conditions in new urban depressions.  
GI and resilience: Helping cities to reduce risk to climate change 
Resilience is a property of a system that describes how this system reacts to a perturbation or 
stressor (Tschakert, 2011). The more resilient a system is, the less vulnerable it is and 
consequently the larger the disturbance it can endure while maintaining its function in the face of 
environmental changes (Hunter, 2011). In the context of climate change, resilience is the ability 
of a system to cope with or recover from extreme climatic episodes, such as floods and droughts 
(Salinas Rodriguez et al., 2014). While resilient cities are the main goal, adaptation and 
mitigation are the methods to reduce vulnerability to risks associated with climate change and so 
they should be treated as twin issues (Hamin & Gurran, 2009).  
The strengthening of urban resilience via ecosystems services provided by green infrastructure 
approach has being largely remarked (Byrne, Lo, & Jianjun, 2015; S. R. Gaffin, Rosenzweig, & 
Kong, 2012; Gill, Handley, Ennos, & Pauleit, 2007; Newcomer, Gurdak, Sklar, & Nanus, 2014; 
Scholz, 2013) because of its ability to achieve multiple benefits at the same time and on the same 
place in comparison with gray infrastructure that provides one service at the time. For instance, 
intensification in extreme precipitation caused by global warming due rising anthropogenic GHG 
emissions, potentially will amplify urban runoff generation, which leads to increases in the risk 
of urban flood occurrence. To reduce cities vulnerability to flooding, adaptation measures should 
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be adopted in order to build resilience to floods. The centralized gray adaptation approach could 
include enlarging sewage pipes collection, building detention tanks, tunnels, channels and others. 
All of these gray measures would imply in high environmental and monetary costs, not only 
associated with their installation, but also with their O&M. And they would be able to deliver 
just the only single service of stocking the excess of runoff and just under extreme precipitation 
occurrence. The green adaptation approach could avoid the installation of additional grey 
infrastructure (preventing extra GHG emissions to the atmosphere) to manage the excess of 
runoff caused by extreme precipitation. For instance a web of bioretentions, trees pits, bioswales 
and greenroofs, spread around the city, could also deliver the service of accommodating the 
exceedance of runoff during the extreme event. Moreover, they could infiltrate or evapotranspire 
part of this runoff, which would keep stormwater from entering the sewage system collection and 
being processed as wastewater, which imply in savings in energy at the wastewater plant 
(leading to reduction of GHG releases to the atmosphere). The runoff that infiltrated to the 
ground would be naturally treated by the soil and would recharge the groundwater, while tree 
shading and evapotranspiration processes could cool urban temperatures, reducing the necessity 
of air conditioning usage (again leading to reduction of GHG emissions to the atmosphere). In 
addition, the vegetation installed in these green elements sequestrates CO2, acting like a CO2 
sink. Finally GI, would work under ordinary or extraordinary events and there is no need to 
occur an extreme event to trigger the ecosystem services chain, whose benefits would be 
delivered at once.  
Despite the fact GI can act as mitigation and adaptation strategy at the same time, they are also 
vulnerable to climate change. As discussed in the previous session, in order to keep GI under low 
maintenance and carbon footprint, its vegetation should be able to endure extreme climate, 
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without replacement needs. For instance, the species installed in GI should be able to survive 
under drought without artificial irrigation needs, and also tolerating anoxia caused by eventually 
extended soil saturation periods due extreme precipitation events. 
Research is needed to assess whether widespread, and strategic introduction of specific types of 
GI to the urbanized environment of the US northeast is likely to increase its resilience, or ability 
to return to its equilibrium state despite increasingly acute stressors faced by the region. 
Specifically further research should assess quantitatively how effective GI approaches applied to 
urban watershed are to help cities to reduce their carbon footprint. Other knowledge gap is the 
evaluation of these elements under extreme climatic conditions. How much of the runoff 
generated in adjacent areas can a GI site manage under extreme precipitation events? How 
climate change will affect the health of the species commonly specified in GI systems currently 
being implemented throughout the urban northeast? 
Summary and concluding remarks 
In this chapter, we reviewed literature describing different types of GI that have being applied 
over the northeast US and discussed the likelihood that these projects can help communities in 
this region adapt to projected climate change. We briefly linked specific types of GI to discreet 
climate risks, but pointed out the need for more research. GI can help communities mitigate and 
adapt, but can also itself be vulnerable to climate change. Because natural resource managers 
seek to minimize operation and maintenance needs, GI systems that interact positively with our 
dynamic climate need to be identified. We need to develop a more comprehensive understanding 
of how climate change will affect the specific species commonly specified in GI facilities, and 
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also to study how these systems function under a wide range of interacting and complex climatic 
stressors that are already evident in the urban environment. In addition, there is a need to assess 
how effective GI approaches applied to urban watershed are to help cities to reduce their carbon 
footprint. 
In order to better explore these research gaps, this thesis aims to evaluate GI as a means of 
reducing climate risks in the urban northeast environment. To reach out this main objective three 
different hypotheses are proposed: 
  
Hypothesis #1: Green infrastructure can reduce GHG emissions associated with urban drainage 
infrastructure 
• Compared to grey (stormwater management) infrastructure strategies, GI releases lesser 
GHG emissions over its entire useful life 
 
Hypothesis #2: GI can help cities adapt to extreme precipitation 
• GI facilities can significantly reduce urban runoff even during extreme precipitation  
 
C: GI vegetation is not vulnerable to climate change, especially to floods and droughts 
• The risk of plant mortality within the expected envelope of climate variability (floods and 
droughts) is insignificant.   
•  
These hypothesizes were individually investigated in the chapters 2 (Hypothesis #1), 3 
(Hypothesis #2) and 4 (Hypothesis #2) that follow.  
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Chapter 2: Using life cycle assessment to evaluate green and grey combined 
sewer overflow control strategies4 
Abstract 
Decentralized approaches to managing urban stormwater are gaining increased attention within 
the contexts of urban sustainability, climate change adaptation, and as a means of reducing 
combined sewer overflows (CSOs). This study applied a life cycle assessment (LCA) to 
comparing the environmental efficiency of three means of equivalently reducing CSOs to the 
Bronx River (Bronx, NY, USA). Strategy #1 featured decentralized green infrastructure 
technologies, while “grey” Strategies #2 and #3 detained, and detained and treated, respectively, 
excess flows at the end of pipe. We estimated greenhouse gas emissions (in metric tons of carbon 
dioxide equivalents, t CO2-eq) over the construction, operation, and maintenance phases, 
including, energy consumed at the wastewater treatment plant, and carbon sequestered and 
shading provided by vegetation (in the case of the green approach), over a 50 year analysis 
period. The study area comprised the entire drainage area contributing to NY State permitted 
CSO discharge points associated with the Hunts Point Wastewater treatment plant. The analysis 
was performed using a hybrid of process and EIO LCA methods. The decentralized green 
strategy outperformed the two “grey” strategies in terms of this set of environmental metrics. 
The net emissions of the green strategy over 50 years was 19,500 t CO2-eq whereas the grey 
strategies emitted 87,500 t CO2-eq (detention) and 392,000 t CO2-eq (detention and treatment), 
respectively. These results were significantly influenced by the emissions associated with the 
                                                          
4 This chapter has been published on the Journal of Industrial Ecology, as follows: 
De Sousa, M.R.C., F.A. Montalto, and S. Spatari. 2012. Using life cycle assessment to evaluate green and grey combined sewer overflow control 
strategies. Journal of Industrial Ecology, DOI: 10.1111/j.1530- 9290.2012.00534.x  
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operation and maintenance activities required for Strategies #2 and #3, and the carbon 
sequestered and shading provided by the vegetation in Strategy #1, and suggest that watershed 
managers who seek to reduce CSOs and reduce carbon footprints would opt for the green 
approach.     
Introduction 
Combined sewer overflows (CSOs) are caused during wet weather events, when stormwater 
generated on impervious surfaces causes urban collection systems to exceed their conveyance 
capacity. Because combined sewage contains untreated domestic and industrial wastewaters, as 
well as urban runoff, CSOs are both a public health and environmental liability. In their attempt 
to curb such events, urban watershed managers are currently comparing a variety of end-of-pipe 
and source control measures. While end-of-pipe (or “grey”) strategies typically detain and/or 
treat would-be overflow volumes in large concrete tanks or tunnels, source control strategies 
seek to minimize the rate and volume of stormwater that enters the collection system in the first 
place.  
Green infrastructure (GI) is the term currently applied to a family of source control measures that 
reduce stormwater by promoting infiltration, evapotranspiration, and the capture and (re)use of 
stormwater on individual lots distributed throughout the urban watershed (US EPA (US 
Environmental Protection Agency), 2011b). By enhancing these hydrologic processes within the 
urban watershed, GI technologies such as bioretention facilities, green roofs, porous pavements, 
and stormwater planters can reduce the volume of runoff generated, thus enabling changes in 
sewer hydraulics, overflow frequencies and durations, and ultimately also the fraction of wet 
weather flow that arrives at the treatment plant. At least two studies suggest that under certain 
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conditions, widespread implementation of GI could be more cost-effective at reducing CSOs 
than an end-of-pipe detention tank (MacMullan, 2007; Franco Montalto et al., 2007). Although 
GI has only been shown to reduce CSO’s using hydrologic and hydraulic models, many U.S. 
cities have initiated extensive GI programs. As of this date, five major U.S. cities (Syracuse, NY; 
Milwaukee, WI; Kansas City, MO; Portland, OR and Chicago, IL) have committed to using GI 
as part of their long-term plans to reduce CSO’s, and have begun implementation. Another three 
(Cleveland, OH; St Louis, MO; Philadelphia, PA)  have committed to a green strategy but not 
yet begun  implementation, while New York, NY,  Washington, DC; Seattle, WA; Cincinnati, 
OH, and Louisville, KY are either actively exploring or have proposed a green strategy (PRê 
Consultant, 2007). The reliability with which GI can actually reduce CSO’s will only be known 
with certainty after a sufficient density of GI facilities has been implemented and a real 
watershed response detected by monitoring. Because of its perceived ancillary benefits, GI is, 
however, also increasingly “cross-listed” as an urban sustainability and climate change 
adaptation initiative. A seminal “triple bottom line” study commissioned recently by the 
Philadelphia Water Department (PWD (Philadelphia Water Department), 2009b) compared the 
environmental, public health and social benefits of “green” and “grey” approaches to controlling 
CSOs, concluding that the overall benefits of the “green” approach far exceeded those of the 
“grey” one. Some benefits attributed to GI included improved real estate value, community 
aesthetics, livability, and quality of life, as well as enhanced ecosystem function. Despite the 
excitement surrounding this study, published research in this field is limited, and the extent to 
which GI can reduce municipal carbon footprints has not been comprehensively explored. 
Spatari and colleagues (2011) used life cycle assessment (LCA) techniques to compute the 
energy and carbon payback periods associated with the construction of a block-scale GI strategy. 
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Other researchers have attempted to compare the energy required to install specific GI measures 
such as green roofs (Kosareo & Ries, 2007; Saiz et al., 2006) with the savings accrued from their 
use and their cost-effectiveness for individual investment (Blackhurst, Hendrickson, & 
Matthews, 2010). To date, no researchers have systematically compared watershed-scale green 
and grey approaches using LCA techniques.  
This study compares watershed-scale green and “grey” approaches to CSO control by 
quantifying the greenhouse gas (GHG) emissions associated with their construction, operation, 
and maintenance. The study area includes the entire drainage area contributing to two CSOs on 
the Bronx River, known as HP-007 and HP-009 in the Bronx, New York City (NYC). The 
performance of the three different CSO control strategies is compared over a 50 year period. We 
use hydrologic and hydraulic modeling results to consider associated changes in energy 
consumption at the Hunts Point wastewater treatment plant (WWTP), maximum capacity 200 
million gallons per day (MGD) (NYC DEP, 2011), and consider the energy requirements 
associated with physical components of each strategy. The latter analysis includes required and 
avoided cement production, which globally accounts for over 5% of all CO2 emissions. (Adam, 
2007; Brehm, 2007; Heisler, 1986). The analysis of the green approach also considers carbon 
sequestered and shading provided by vegetation.  
Methods 
 
Overview 
Though LCA has traditionally been applied to consumer goods and services, its field of 
application has expanded over the last decade to include infrastructure (Racoviceanu et al., 
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2007). In the present application, the functional unit considered is the 784 hectare (ha) drainage 
area contributing to the two CSO discharge points: HP-007 and HP-009. Three alternative CSO-
control measures are compared.  
Scenario #1 includes a combination of GI technologies (e.g. 27.12 ha porous pavements, 1.18 ha 
street-end bioretention bump out facilities, 2.80 ha curbside infiltration planters, 1.06 ha 
backyard rain gardens, and 8.54 ha subgrade cisterns) which are collectively sized to capture the 
first 2.5 cm of runoff generated from approximately one third of the total drainage area. The GI 
features themselves occupy about 5% of the total area. The procedure used to select this 
particular portfolio and density of GI is described elsewhere (Goldstein, 2011), but included 
detailed consideration of social acceptability, costs, and physical constraints. To simplify the 
analysis, several assumptions were made regarding the new canopy area associated with the 
vegetated GI. At the end of the first year of the analysis period, it is assumed that all of the 
vegetated GI has been installed, and further that there would be 3.6 new trees are added per 100 
m2 of each vegetated GI system. This relationship was derived from inspection of other 
bioretention facilities installed in New York City by the NYC Department of Parks and 
Recreation (Martin, 2011).  For computing carbon sequestration and shading, these trees are 
assumed to be Quercus palustris (Pin Oak) trees. Benefits derived from other vegetation (e.g. in 
the understory) are neglected.  
 To assess the reliability with which the GI in Scenario #1 can reduce runoff, alter flow to the 
WWTP, and modify the volume and frequency of CSOs compared to a base “do-nothing” case, 
the entire study area was modeled using the U.S. Environmental Protection Agency’s (US 
EPA’s) Stormwater Management Model (SWMM) Version 5.0.021. The >784 ha drainage area 
was represented with subcatchments ranging in size from 20.23-242.81 ha. The imperviousness 
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and other model parameters were adapted from a previously developed hydrologic and hydraulic 
model of the entire drainage area associated with the Hunts Point Wastewater Treatment Plant 
and developed by the NYC Department of Environmental Protection. This model had been 
calibrated and validated previously using flow data collected during a 2004-05 CSO facility 
planning study (FA Montalto, Goldstein, Li, & Rangarajan). 
Though further details of this modeling effort are provided in a companion paper (FA Montalto 
et al.), the model results are summarized in Table 1. When driven using 1988 hourly rainfall 
recorded at John F. Kennedy International Airport in Jamaica, NY, (the average precipitation 
conditions used in many of the New York City and New York-New Jersey Harbor 
watershed/water quality assessments,) the GI approach decreased the volume of runoff by 37.12 
million gallons per year, reduced the number of CSO events from 12 to 7, and reduced the 
volume of combined sewage discharged to the Bronx River by 85.9 million gallons  (0.352 
million cubic meter) per year. However, despite the reductions in runoff and CSO volume, 
Scenario #1 actually increased the volume of combined sewage flowing to the Hunts Point 
wastewater treatment plant by 76.52 million gallons (0.29 million cubic meter) per year. The 
increase in flow to the treatment plant is attributed to the role that the GI technologies play in 
reducing the rate of runoff and extending the time over which it is discharged. These two 
alterations to the local hydrology serve to more efficiently use the conveyance capacity of the 
collection system, resulting in fewer overflows, but greater flow conveyed to the WWTP during 
and after wet weather.  
Scenario #2 features an end-of-pipe detention facility sized to achieve a similar reduction of CSO 
events and volumes as would be accomplished by Scenario #1. The detention facility temporarily 
stores the would-be overflow volume  for pumping back into the collection system after the wet 
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weather event. Scenario #2 avoids the construction of the GI facilities, but requires construction 
of a reinforced concrete detention tank. As described below, this tank is assumed to be 
approximately 3.2 million gallons (0.012 million cubic meters) in volume. No changes in 
vegetation canopy area are assumed over the base “do nothing” case for this scenario. 
Scenario #3 is identical to Scenario #2 except that the detained flow is assumed to be treated 
(physically and chemically) at the tank location and discharged directly to the Bronx River (not 
pumped to the WWTP).   
Table 1 summarizes the flows and facilities assumed for each of the three scenarios over a 50 
year analysis period. A diagram depicting the system boundary is represented in Figure 1.     
Table 1: Flows and facilities assumed for each of the three scenarios 
SCENARIOS 
Do-
Nothing Scenario #1 Scenario #2 Scenario #3 
millions 
of m3 millions of m3 millions of m3 millions of m3 
 
Annual 
value 
Annual 
value 
Change 
from do-
nothing 
Annual 
value 
Change 
from 
do-
nothing 
Annual 
value 
Change 
from do-
nothing 
Runoff, per year 4.68 4.54 -0.14 4.68 0 4.68 0 
Total # of CSO events per year 35 30 -5 30 -5 30 -5 
Total CSO volume, per year 1.23 0.91 -0.32 0.91 -0.32 0.91 -0.32 
Total flow to WWTP from study area, 
per year 27.19 27.48 0.29 27.48 0.29 27.19 0 
 
The focus of this analysis is on the GHG emissions of each of the three scenarios. The 
boundaries encompass the material extraction, manufacturing, and transport activities necessary 
to install, operate, and manage the infrastructure included in each scenario. In addition, the 
carbon sequestration and energy benefits provided by the new vegetation (conservatively 
considering only trees and no understory) are computed for Scenario #1. 
43 
 
  Detailed Methodology 
A hybrid of process and economic input-output LCA methodologies was employed in this 
analysis taking advantage of the specific data that were available (M.M, Ries, & S.Matthews, 
2010; Sharrard, Matthews, & Ries, 2008; Stokes & Horvath, 2010; Suh et al., 2004). Process 
based steps were used for the modules that could be best characterized through datasets in 
Simapro, and EIOLCA was used for specific price-based components of the life cycle inventory 
(LCI) for which we had specific cost data for specific commodities. 
The hybrid methodology consisted of six unique steps: 
 
1. Process-based LCI analysis  
2. Estimation of the construction costs for Scenarios #2 and #3  
3. Estimation of the infrastructure operation and maintenance (O&M) costs for all three 
scenarios 
4. Estimation of the energy variation at the WWTP in  Scenarios #1 and #2 
5. Estimation of the carbon sequestration and CO2 reductions due to shading and induced 
energy savings in the buildings brought about by the trees in Scenario #1 
6. Life cycle impact assessment: Computation of energy and GHG life cycle impacts 
 
 
Each of these steps is described below with specific assumptions summarized in Table 2. 
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Table 2: Employed methods and respective assumptions 
 
 
Step 1: Life Cycle Inventory Analysis  
Following International Organization for Standardization (ISO) process LCA methods described 
in the ISO 14044 requirements and guidelines (ISO 2006; Baumann et al. 2004), we define the 
life cycle system boundary that guides the life cycle inventory (LCI) analysis (Figure 1).  
  
Step Method / Tool  Data Source Assumptions
Inventory analysis of the GIs SIMAPRO
Hydrologic Stormchamber 
Manual; Calculations based on 
Goldstein (2011) design
32 ton capacity lorry was used for the 
transportation distances under 400 km and rail 
transportation above this value (Wakeley, 
Hendrickson et al., 2009 criteria) 
Estimation of the changes in
stormwater flow to the WWTP and
CSO volume  incurred by the adopted 
EPA-SWMM version 5.0.021
Goldstein (2011)
  1988 JFK Airport station rainfall data 
Estimation of the change in energy
consumption at the WWTP associated
to the differences in the amount of
runoff treated
1,188 kWh/millions of gallons treated EPRI, 2002
100 MGD WWTP, considering advanced 
treatment
Estimation of the carbon sequestration
by the trees and other vegetation
implied by the GI (SC1)
Center for Urban Forest Research Tree 
Carbon Calculator (CTCC)
Center for Urban Forest Research 
US Forest Service  
(http://www.fs.fed.us/ccrc/topics/
urban-forests/)
US Climate zone: Northeast; Tree life span: 50 
years; Building vintage: 1950-1980; Tree distance 
from the buildings: 20-40ft
Buildings air conditioning equipment: 
wall/window; Buildings heating equipment: natural 
gas;Electricity emissions factors (kg/MWh) for 
Queens, NY: 467.2 (CO2); 0.0030; Heating 
emissions factor (kg/MBtu) for natural gas: 53.1 
(CO2); 0.0059 (CH4);  0.0001 (N2O) (CCRC 
2011) 
Impact assessment of the GIs  (SC1)
SIMAPRO (IPCC 2007 GWP 100 
years)
Product Ecology Consultant: 
http://www.pre.nl/content/simapr
o-lca-software
Data bases used: Ecoinvent v.2 and US Input 
Output
Impact assessment of  the energy 
necessary at the WWTP to treat the 
variation of runoff accrued by the GI 
schemes (SC1 and SC2) 
SIMAPRO (IPCC 2007 GWP 100 
years)
Product Ecology Consultant: 
http://www.pre.nl/content/simapr
o-lca-software
Data bases used: Ecoinvent v.2 and US Input 
Output
Impact assessment of the additional 
grey infrastructure installation needed 
in case of no adoption of GI  (SC2 and 
SC3)
EIO-LCA: US 1997 (483) National 
Purchase Price Model considering 
Water, Sewer and Pipeline 
Construction Industry Sector
Carnegie Mellon University
 US 1997 (483) National Purchase Price Model 
considering Water, Sewer and Pipeline 
Construction Industry Sector
Impact assessment of the annual  O&M     
EIO-LCA: US 1997 (483) National 
Purchase Price Model considering  
Construction Industry / Maintenance 
and repair of nonresidential buildings
Carnegie Mellon University
 US 1997 (483) National Purchase Price Model 
considering  Construction Industry / Maintenance 
and repair of nonresidential buildings
Impact assessment of the annual  
O&M activities of the Grey 
Infrastructure (SC2 and SC3)
EIO-LCA: US 1997 (483) National 
Purchase Price Model considering  
Mining and Utilities Industry / Water, 
sewage and other systems Sector
Carnegie Mellon University
 US 1997 (483) National Purchase Price Model 
considering  Mining and Utilities Industry / Water, 
sewage and other systems Sector
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Figure 1: Life cycle flow diagram and system boundary 
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A list of the construction materials (Table 3) required to build Scenario #1 GIs was developed 
based on the design details specified in (Goldstein, 2011) with the exception of those materials 
required for the subgrade cisterns which were estimated based on typical manufacturer 
specifications (Stormchamber, 2011). The transportation costs were estimated based on data 
provided by the City of New York / Parks & Recreation Greenstreets Program (Shetty, 2011). A 
32 ton capacity truck was assumed for transportation distances under 400 km, while rail 
transportation was assumed for longer distances due to typical cost considerations described in 
the literature (Wakeley, Hendrickson, Griffin, & Matthews, 2009). 
Table 3: Emissions (in t CO2-eq) from the three scenarios, the wastewater treatment plant, and the trees 
EMISSIONS (t CO2-eq) 
INSTALLATION  
ANNUAL 
and/or O&M OVER 50 YEARS  
Source Material Unit  Quantity t CO2-eq kg CO2-eq/Unit      
 Scenario 1 Concrete m3 32,000 8,400 260         
Excavation m3 180,000 97 0.54      
Bark mulch kg 500,000 300 600      
Geotextile m2 420,000 2,700 6.4      
HDPE kg 200,000 490 2.5      
PVC kg 16,000 50 3.1      
Transp. Truck t-km 80,000,000 8,500 0.11      
Transp. Rail t-km 82,000 4 0.05     
 TOTAL     20,000   300 19,500    
Scenario 2       31,500   1,050 87,500    
Scenario 3       100,000   5,840 392,000    
WWTP           70 3,500    
TREES           variable -19,000    
Notes: t CO2-eq = metric tons of carbon dioxide equivalent; kg CO2-eq/Unit = kilograms of carbon 
dioxide equivalent per unit; m3 = cubic meters; t = metric ton; m2 = square meters; t-km = metric ton 
kilometers. 
The GHG emissions associated with Scenario #1 were computed using Simapro 7.1 (PRé 
Consultants 2007), a software database and process flow modeling program designed to perform 
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LCA under the ISO (2006) guidelines. The databases included in SIMAPRO that were used in 
this study were Ecoinvent v.2 and US Input Output.  
To estimate the full supply chain GHG emissions associated with the construction of grey 
infrastructure assumed in Scenarios #2 and #3, we used aggregate-level cost data with the 
Economic Input-Output Life Cycle Assessment (EIO-LCA) tool developed at Carnegie Mellon 
University (EIO-LCA (Economic input-output Life Cycle Assesment), 2011). We used the 1997 
consumer price EIO-LCA model due to its coverage of the water/sewer construction projects 
sector and adjusted to $US1997 year costs using the Consumer Price Index (CPI). As noted by 
Hendrickson and colleagues (Hendrickson, Lave, & Matthews, 2006), the EIO-LCA model 
identifies the economic and environmental impacts of a purchase from a particular economic 
sector, representing the entire supply chain for producing the referred purchase.  In addition to its 
use in estimating GHG emissions associated with the implementation costs for Scenarios #2 and 
#3, the EIO-LCA tool was also used to study the environmental loads associated with O&M 
activities (described below) for all three scenarios.  
Step 2: Estimation of the Construction Costs for Scenarios #2 and #3  
According to Wise (2010), a significant benefit of GI is avoided construction of end-of-
pipe grey infrastructure systems like those considered in Scenarios #2 and #3. Without GI, the 
latter would be required for water utilities to avoid fines due to non-compliance with regulations 
requiring control and/or abatement of CSOs. In this analysis, the cost of a detention tank that 
would reduce CSOs equivalent to the green approach was estimated based on a review of 
government data and reports (City of New York, 2010; NYC DEP (New York City Department 
of Environmental Protection), 2007). Detention-based CSO control facilities (without treatment 
facilities) built or in planning across NYC cost, on average $0.52 per gallon of reduced annual 
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CSO volume, with an upper bound of $0.70, and a lower bound at $0.37. At $0.52 per gallon of 
reduced CSO, approximately $44.7 million would be required to construct a detention tank that 
can reduce annual CSOs by approximately 85.9 million gallons, as required in Scenario #2. 
Although it was not used directly in the analysis, the actual volume of this tank can be estimated 
using a recent report citing the construction costs of CSO tanks of different volumes (Sheffield, 
Goteti, Wen, & Wood, 2004).  Assuming that it costs on average $13.05 per gallon of tank 
storage, the detention tank assumed in Scenario #2 would have the capacity to store 
approximately 3.2 million gallons (0.012 million cubic meters).  
The cost to construct Scenario #3 includes the cost of a detention tank accompanied by a 
physical and chemical treatment facility. Also per (City of New York, 2010; NYC DEP (New 
York City Department of Environmental Protection), 2007), CSO control facilities with 
detention and treatment built or in planning across NYC cost, on average $1.75 per gallon of 
reduced annual CSO volume, with an upper bound of $2.45, and a lower bound of $1.05. Using 
the average value, the cost of this facility would be $150 million. Again, although the volume of 
this facility is not utilized in the analysis presented in this paper, it could be assumed that the 
detention tanks would have a similar storage capacity to the one considered in Scenario #2, with 
the residual extra cost associated with its physical and chemical treatment operations.  
Step 3: Estimation of the Infrastructure Operation and Maintenance Costs  
The O&M costs of the infrastructure considered in each of the three scenarios were also 
estimated from literature. For Scenario #1, O&M costs were defined separately for each GI 
typology based on average literature costs converted into 2011 dollars (Table 4). The annual 
O&M cost assumed for porous concrete was US$0.13/sqft (1 sqft = 0.093 m2) and assumes 
biannual sweeping, high pressure jet washing, and replacement of 1% of the area (Tackett, 2011; 
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US EPA (US Environmental Protection Agency), 2005). The O&M costs of bioretention bump 
outs, curbside infiltration planters, and backyard rain gardens were assumed to be identical. A 
total of US$ 1.14/sqft (US EPA (US Environmental Protection Agency), 2005) would cover 
repair of eroded areas, removal and replacement of all dead and diseased vegetation, mulching of 
void areas, irrigation of vegetated areas (biannual or as needed), removal of mulch and 
application of a new layer (annual). The annual O&M costs of the subgrade cistern were derived 
from studies on StormchambersTM (UNHSC (University of New Hampshire Stormwater Center), 
2009.) and (Stormchamber, 2011)). For US$ 0.02 per square foot of Stormchamber bottom, these 
facilities could be vacuum cleaned twice a year (or as needed).  
The O&M costs associated with the detention tank in Scenario #2 were assumed to be on average 
1.4% of the construction cost, or the average of all literature values, excluding the extreme 
highest and lowest values. The upper end of possible O&M costs was 2% of the construction 
cost, and the lower end was 0.8% (City of Akron, 1999; Franco Montalto et al., 2007).  
Specific O&M activities related to large detention tanks include odor control and ventilation, 
removal and disposal of accumulated residual sludge and solids (Zukovs & Marsalek, 2004) and 
inlet and/or outlet pumping (US EPA (US Environmental Protection Agency), 2007). 
According to the US EPA (US EPA (US Environmental Protection Agency), 1999b) and the 
Detroit Water and Sewerage Department DWSD (DWSD(Detroit Water and Sewerage 
Department), 2003), the O&M costs of detention tanks that include physical and chemical 
treatment operations are 1.04% - 3.6% of the construction costs. The O&M costs for Scenario #3 
were thus estimated at 2.3% (average of the literature values excluding the extreme highest and 
lowest values) of the construction cost. According to DWSD (DWSD(Detroit Water and 
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Sewerage Department), 2003), O&M activities for this type of facility include chemical 
acquisition costs, preventative maintenance costs, energy costs and sludge disposal. 
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Table 4: Installation and O&M costs for GreenInfrastructure summary 
GI Element Construction Costs Data Source O&M Cost (annual) Data Source 
 
Porous pavement $2.50-8.30 /sqft (2006) Montalto (2007) 1-2% of construction costs 
USEPA (1999a), CRI (2005), 
NCGBT (2003) 
 $1.09-2.18/sqft EPA (2005) $0.16/sqft EPA (2005) 
 $2-3/sqft EPA (2003)    
 $26/sqft Tackett, T. (2011) $0.06/sqft  Tackett, T. (2011) 
 $4-5/sqft UNHSC 2009 $0.008/sqft  UNHSC (2009) 
 $7.10/sqft CNT 2009   
 
Subgrade cistern 
$0.78/sqft of of mitigated 
impervious area ($34,000/acre) UNHSC 2009  $0.008/sqft   (twice a year) UNHSC (2009) 
   $0.016/sqft  
Backyard rain 
garden $13-14/sqft 
Bannerman, R., 
2003                 2-8%  
PBES (2006b), Flinker 
(2005); EPA (2005)  
 $5.40/sqft of the mitigated 
impervious area  Tackett, T. (2011) 
$0.11/ sqft of the mitigated 
impervious area  Tackett, T. (2011) 
 $0.41/sqft;  18,000/acre of 
mitigated impervious area UNHSC 2009   
 $9-32.00/sqft CNT 2009     
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Step 4: Estimation of the Energy Variation at the Wastewater Treatment Plant in Scenarios 1 and 
2: 
Because Scenarios #1 and #2 alter the volume of water that is conveyed to the Hunts Point 
WWTP, the difference in energy at the WWTP over the “do nothing” case had to be computed. 
(As stated earlier, Scenario #3 does not alter the volume of flow conveyed to the WWTP over the 
baseline conditions.) For Scenarios #1 and #2, the energy consumed was estimated by 
multiplying the annual volume of flow to the plant by an estimate of the unit electricity 
consumption for wastewater treatment plants with the capacity to treat >100 MGD (e.g. 1,188 
kWh/millions gallons) published by the Electric Power Research Institute (EPRI (Electric Power 
Research Institute), 2002).  
 
Step 5: Estimation of the Carbon Sequestration and Carbon Dioxide Reductions due the Energy 
Savings in the Buildings by the Trees:  
The new trees sequester carbon and their canopies reduce building energy consumption. These 
benefits were estimated using the Tree Carbon Calculator (CTCC), a "proof of concept” tool 
developed by the Center for Urban Forest Research at the US Forest Service and approved by the 
Climate Action Reserve's Urban Forest Project Protocol for tree planting projects (CCRC 
(Center for Urban Forest Research of the US Forest Service), 2011). The CTCC provides carbon-
related information for individual trees located in any of the United States’ 16 different climate 
zones. The tool was developed based on size and growth data derived from a database of 650-
1000 street trees representative of about 20 predominant species in each of the 16 different 
reference cities (CCRC (Center for Urban Forest Research of the US Forest Service), 2011). 
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Among other outputs, CTCC quantifies annual CO2 sequestered, as well as reductions in CO2 
emissions due  to building energy savings.  
Trees reduce building energy consumption by providing shade (reducing air conditioning needs) 
but also by blocking wind. Reduced wind speeds result in less infiltration of cold air into 
buildings during the winter months, limiting conductive heat loss and reducing the need for 
heating (Heisler, 1986; Peper et al., 2007; J. R. Simpson & McPherson, 1998).  Heisler (Heisler, 
1986) reported that trees can reduce wind speed and resulting air infiltration by up to 50%, 
translating into potential annual heating savings of 25%. Simpson and McPherson (J. R. Simpson 
& McPherson, 1998) simulated the tree impacts in wind speed reduction on residential energy 
use and found an annual energy decrease of 2.5% per tree in Sacramento (CA). 
CTCC uses a biomass equation derived from measurements made on trees planted in urban areas 
to estimate total CO2 stored and sequestrated by different species. The shading and wind 
blocking benefits of trees on building energy consumption considered in  CTCC are derived from 
computer simulations that were conducted in reference cities located in each of the US climate 
zones using distinct combinations of tree sizes, buildings types, building age, type of 
heating/conditioning equipment and locations, following methods defined by McPherson and 
Simpson (1999) These simulations estimated the annual building energy use per residential unit 
and on a per-tree basis by comparing results before and after adding the trees (CCRC (Center for 
Urban Forest Research of the US Forest Service), 2011). The results in terms of reduced building 
energy consumption are sensitive to the position of the trees relative to the buildings. 
Though an exhaustive study of the spatial orientation of the future canopy in this study area was 
not within the scope of this study, a sensitivity analysis was performed to test the importance of 
tree orientation on the results. This analysis alternatively placed all the trees to the South 
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(yielding the least energy savings), to the North (yielding the most energy savings), and to the 
West and to the Southwest (yielding average energy savings) in the buildings.  
It was assumed that 2,065 Pin Oak trees were installed during the first year of the GI program, in 
equal proportions in each of the vegetated GI facilities (e.g. the street-end bioretention bump out 
facilities, curbside infiltration planters and backyard rain gardens.). 
The base analysis assumes all of the trees were planted on the Southwest side of a building (with 
the other orientations considered only in the sensitivity analysis). Other assumptions adopted for 
this coarse analysis were:  
US Climate zone: Northeast 
Tree life span: 50 years 
Building vintage: 1950-1980 
Tree distance from the buildings: 20-40ft 
Buildings air conditioning equipment: wall/window 
Buildings heating equipment: natural gas 
Electricity emissions factors (kilograms per megawatt hour [kg/MWh]) for Queens, NY: 
467.2 (CO2); 0.0030 (methane - CH4); 0.0001 (nitrous oxide - N2O) (CCRC (Center for 
Urban Forest Research of the US Forest Service), 2011) 
Heating emissions factor (kilograms per mega-British thermal unit [kg/Mbtu]) for 
natural gas: 53.1 (CO2); 0.0059 (CH4);  0.0001 (N2O) (CCRC (Center for Urban Forest 
Research of the US Forest Service), 2011) 
 
Step 6: Energy and Greenhouse Gas Life Cycle Impacts: 
In order to compare the environmental performance of the three different scenarios, three 
different sets of impacts were assembled. Scenario #1 includes the impacts associated with 
constructing, operating, and maintaining the GI, as well as treating the increase in flow to the 
WWTP. As described earlier, these emissions are mitigated partially by the CO2 sequestration by 
the vegetation and the reduced building energy loads associated with shading and wind blocking. 
For Scenario #2, there are impacts associated with constructing, operating, and maintaining the 
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detention tank, and also treating the increase in flow to the treatment plant over the “do-nothing” 
case (i.e. the total volume of overflows in the base condition are assumed to be detained for later 
conveyance to the treatment plant, increasing annual treated flow). The impacts associated with 
Scenario #3 include construction and O&M of the new detention tank/treatment operations, and 
no change in flow to the treatment plant (i.e. the total volume of existing overflows are assumed 
to be treated in the new end-of-pipe facility and discharged directly to the River at that location).  
From the LCI, we estimated global warming potential (GWP) using characterization factors from 
the Intergovernmental Panel on Climate Change (Landerer, Jungclaus, & Marotzke, 2007) that 
convert air emissions to carbon dioxide equivalents (CO2E).  
The EIO-LCA (Economic Input-Output Life Cycle Assessment) model was used to estimate the 
GWP associated with the construction activities for Scenarios #2 and #3, and O&M activities for 
all the three scenarios. The US 1997 (483) National Purchase Price Model was selected using 
“Construction Industry / Water, Sewer and Pipeline Construction Sector” to represent Scenarios 
#2 and #3 construction activities, “Mining and Utilities Industry / Water, sewage and other 
systems sector” used to represent O&M activities of Scenarios #2 and #3, and “Construction 
Industry / Maintenance and repair of nonresidential buildings sector” to represent O&M 
activities associated with Scenario #1.  
 
The annual net GWP emission of the three scenarios is computed as follows:  
Equation 1 
GWP SC1 = I1 + O&M1 + WWTP - Trees   
Equation 2 
GWP SC2 = I2 +  O&M2 + WWTP    
Equation 3 
GWP SC3 =  I3 +  O&M3      
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Where  I1, I2,  I3 represent the emissions associated with initial construction activities for 
Scenarios #1, #2, and #3, respectively, and are incurred only during Year 1; O&M1, O&M2, 
O&M3: are the cumulative O&M emissions associated with each of the three different scenarios; 
WWTP are the cumulative new emissions associated with energy consumption at the WWTP; 
and Trees refers to the reduced GWP achieved through carbon sequestration and building energy 
savings due to shading and wind blockage by the trees. 
Results and Discussion 
Installation of the GI in Scenario #1 emitted 20,000 t CO2-eq, compared to 31,500 t CO2-eq for 
the detention tank in Scenario #2, and 100,000 t CO2-eq for the tank and treatment facilities in 
Scenario #3 (Figure 2). These results indicate that, in terms of initial emissions, the Scenario #1 
yielded superior environmental performance when compared to the grey infrastructure options. 
Of the total emissions associated with construction of the GI, the greatest contributions came 
from transportation (8,500 t CO2-eq) followed by cement manufacturing and concrete (8,400 t 
CO2-eq) (Figure 2).  
The annual net emissions for O&M for Scenario #1 were also significantly lower than those be 
incurred in Scenarios #2 and #3, with significant cumulative effects over the 50 year study 
period. Cumulatively, Scenario #1 is expected to release 19,500 t CO2-eq, compared to 87,000 t 
CO2-eq for Scenario #2, and 392,000 t CO2-eq for Scenario #3 (Figure 3). The cumulative O&M 
emissions associated with Scenarios #2 and #3  amounted  to  170% (#2) and 300% (#3) of their 
Year 1 construction emissions after 50 years of operation, compared to the cumulative O&M 
emissions of Scenario #1 which only increased by 75% over its initial missions.  
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It is noteworthy that the carbon sequestration and savings in energy accrued by the trees were a 
key part of the net annual emissions associated with the GI in Scenario #1. By year 25, the trees 
had grown sufficiently to completely mitigate for the emissions associated with the total annual 
O&M emissions for all of the GI facilities. After year 25, the reduction in emissions associated 
with the trees exceeds in magnitude the annual emissions associated with all Scenario #1 O&M 
activities, providing negative loads.  
Another significant finding was the significant difference in emissions between the two “grey” 
scenarios (#2 and #3). Over 50 years, Scenario #2 releases 87,500 t CO2-eq, whereas, Scenario 
#3 generates more than this quantity of emissions during initial construction activities alone, 
arriving at almost 400,000 t CO2-eq in cumulative emissions after 50 years. 
 
 
Figure 2: Cradle-to-GI installation global warming potential (GWP) for three infrastructure scenarios 
Note:  The figure shows the dominant input contributions toward GWP from the process and EIO models.  The ‘other’ category 
includes aggregated EIO sector inputs, including primary aluminum production and lime production. 
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Figure 3: Emissions over 50 years according to the different scenarios 
Sensitivity Analyses 
Sensitivity Analysis #1 
To consider the full range of possible emissions associated with construction and O&M activities 
implied by each scenario, first the upper and lower bound on the emissions associated with initial 
construction needed to be computed. For Scenarios #2 and #3, the original analysis used the 
average cost per gallon of annual CSO reduction, as gleaned from the literature. In the sensitivity 
analysis, the upper and lower bounds of the detention tank in Scenario #2 were set at $0.70 and 
$0.37, respectively. For Scenario #3, the upper and lower bounds of the detention/treatment 
facility costs were $2.45 and $1.05, respectively. The same procedure could not be applied for 
Scenario #1 because the emissions were computed based on unit material and transportation 
costs. Instead, the upper and lower bounds of emissions associated with GI installation were 
assumed to be average of the variance of literature values for Scenarios #2 and #3, expressed as a 
percentage of the average value used in the initial analysis.  
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The next step was to compute the upper and lower bounds of the annual O&M costs. The upper 
and lower bounds for Scenario #1 were based on the values found in the literature. Since the 
O&M costs for Scenarios #2 and #3 were expressed as ranges of percentages of the installations 
costs, these percentages were applied to the upper and lower bounds of the installation costs, as 
computed per the above. For example, the lower bound was given by multiplying the lower 
bound of the O&M cost percentages (0.8% for Scenario #2; 1.04% for Scenario #3) by the lower 
bound of the installation costs (US$ 0.37/gallon for Scenario #2; US$ 1.05/gallon for Scenario 
#3). These products were used in the EIO-LCA model to derive the corresponding extreme 
emissions possibilities. The same approach was taken to calculate the upper bounds.  
The results of the first sensitivity analysis are shown in Figure 4a. There was very little overlap 
between the emissions envelopes associated with the range of possible emissions associated with 
the three different scenarios. Hence, the first sensitivity analysis reinforces the original findings, 
namely, that the GI approach featured in Scenario #1 is environmentally preferable to the “grey” 
approaches included in Scenarios #2 and #3 for the metrics studied.  
Sensitivity Analysis #2 
Regarding the avoided CO2 emissions associated with the impact of trees on building energy 
consumption, a second sensitive analysis was conducted to consider the effect of different 
positions of the trees relative to the buildings. The entire 50 years analysis was repeated four 
times with the trees alternatively positioned   to  the South (least expected energy savings), to the 
North (most expected energy savings), to the West and to the Southwest (average expected 
energy savings) of the buildings.  
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It is noteworthy that the carbon sequestered by the trees does not vary with position and 
represents 11,227 t CO2-eq over 50 years. The avoided CO2 emissions through building energy 
savings provided by the trees ranged from 1,614 t CO2-eq (South) to 14,416 t CO2-eq (North) 
which when added to the CO2 sequestered (11,227 t CO2-eq) resulted in from 12,841 t CO2-eq 
(South) to 25,643 t CO2-eq (North) of mitigated GWP emissions. The results of this sensitive 
analysis are shown in Figure 4b and indicate that the energy benefits provided by the trees are a 
significant fraction of the total of CO2 emission decrease provided by the trees but only when the 
trees are not planted in the South.   
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Figure 4: Sensitivity analyses 
a) Sensitivity analysis of the emissions over 50 years from the Installation and O&M activities of the Scenarios 1, 2 and 3. Note: 
The dashed line represents base case results of the scenarios emissions’. b) Sensitivity analysis of the tree benefits considering the 
trees located on north, southwest, west and south, face of the building. Note: The dashed line represents just the CO2 
sequestration provided by the tree over 50 years.   
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Conclusion  
This research used LCA methods to compare the environmental performance of three different 
approaches to reducing combined sewer overflows on the Bronx River, NYC. To our knowledge, 
this study was the first attempt to apply LCA methods at this scale and in this application. While 
all three scenarios were scaled to reduce CSOs equivalently, they required different construction 
and O&M activities and, in the case of Scenarios #1 and #2, would also engender changes in the 
volume of annual flow to the regional WWTP. When the GHG emissions associated with 
construction, operation, and maintenance are accounted for, the CSO abatement strategy 
represented by Scenario #1, which treats runoff from approximately one third of the total 
drainage area in decentralized green infrastructure facilities that collectively amount to an area 
that is approximately 5% of the total drainage area, results in significantly better environmental 
performance than the end-of-pipe detention, or the combined detention and treatment strategies. 
Both in terms of the emissions during initial construction, as well as the cumulative net 
emissions released over the first 50 years of operation, the green infrastructure approach results 
in fewer emissions than either of the two “grey” approaches.  
This kind of analysis is limited by the availability of the requisite data sets. Two sensitivity 
analyses varied the emissions associated with construction, operation, and maintenance activities 
and also the placement of the trees. These analyses further reinforce the original conclusion, 
namely that the full range of possible emissions associated with the green approach will be 
significantly lower than those associated with the two grey strategies.  
By conservatively assuming that the new GI would include only about 2000 new Pin Oak trees 
and no understory, the carbon sequestered and shading provided by the trees is first able to fully 
offset the annual O&M emissions during year 25. Further tree growth after year 25 exceeds the 
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annual emissions and begins to “pay back” the emissions associated with initial construction of 
the GI network. This portion of the analysis should, however, be validated with actual studies 
documenting the growth rates, canopy configurations, carbon sequestration, shading and wind 
protection provided by urban trees, as well as similar studies on other types of vegetation 
(shrubs, grasses, flowers, etc) commonly planted in urban GI systems. Very few such studies 
have been performed to date. 
It should also be noted that this study did not quantify the GHG emissions associated with other 
potential services (e.g. reduced pavement temperatures, improved air quality, enhanced habitat, 
etc.) and disservices (e.g. increased street sweeping requirements, enhanced flooding potential, 
etc.) that could be brought about by watershed-scale implementation of GI. Additional research 
is needed to eestablish the relative importance of such factors in determining environmental 
performance. Additional work is also needed to inventory the construction and O&M activities 
and costs associated with green and grey CSO abatement strategies, for which published data 
sets are currently quite limited. Finally, given all of the spatial, infrastructural, economic, social 
and other constraints present in 21st Century cities, the level of penetration that green 
infrastructure technologies will actual have in urban watersheds still remains to be seen. 
Nonetheless, this study suggests that watershed managers who seek to reduce CSOs and reduce 
municipal carbon footprints would opt for a green approach over a grey one. 
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Chapter 3: Evaluating green infrastructure performance under extreme 
events 
Abstract 
The performance of a bioretention site located in Queens, New York City was evaluated under 
non-extreme and extreme precipitation conditions occurring between 2011 and 2014, including 
Hurricane Irene and Superstorm Sandy. The results showed that the site rarely ponded and 
overflowed only once (during Irene), for a short time (e.g. 10 minutes), generating an 
insignificant volume (0.085 m3) of overflow, likely because of the high infiltration capacity of 
insitu soils (which are sandy) and the facility’s low hydraulic loading ratio (3.8:1). This site is 
believed to infiltrate nearly all the runoff that it receives through its inelt. However, after 
inspection of performance during 92 different events, it is evident that not all the runoff 
generated in the tributary catchment area is able to get in. Site performance appears to be 
hindered by inlet bypass, not soil saturation or overflow. On average the site treats only 70% of 
the runoff generated in its tributary catchment area, or 77% of the runoff generated during non-
extreme events, and 60% of that generated during extreme ones. Performance is also variable 
from event to event. During Hurricane Irene, for example, only 13% of the tributary runoff was 
captured, but during Sandy the site infiltrated all the runoff generated in its tributary catchment 
area, as well as a significant amount of additional flow, likely associated with runoff generated 
further upgradient. A regression analysis suggests that storm duration, total amount of 
precipitation and peak-hourly intensity are significant predictors (p-value < 0.05) of, and 
negatively correlated with, the site’s performance. However, the year the event occurred was also 
a significant predictor, suggesting that performance might improve as vegetation gets established 
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or be hindered during periods of reduced maintenance activities. Future work should investigate 
factors other than the climate which could be causing bypass occurrence and reducing 
performance levels, in particular GI maintenance regime. 
Introduction 
For the first time in the history, more than half of humanity lives in urban areas, with the total 
percentage of urban dwellers expected to rise to 70% of the global population by 2050 (UN 
(United Nations), 2010). Urban areas continue to develop faster than any other land-use type 
(Davies, Edmondson, Heinemeyer, Leake, & Gaston, 2011), leading to the continuing 
replacement of natural surfaces with roads, buildings, and other impervious surfaces. From a 
watershed management perspective, such land-use changes reduce canopy interception, 
evapotranspiration, infiltration and other natural hydrologic processes, while increasing both the 
rate and volume of runoff generated within urbanizing watersheds.  
Urban water budgets are also modified by climate change, and especially by extreme events. 
Climate scientists project increases in the frequency, magnitude and intensity of “extreme” 
precipitation events across the urban Northeast (NE) United States, the geographic area 
encompassing the study site presented in this paper (NCA, 2013).  However, there is currently no 
consensus regarding how to define these occurrences. The New York City Panel on Climate 
Change (NPCC, 2013), for example, defined “extreme” events as at or above 25.4 mm per day, 
while the National Climate Assessment (U.S. Global Change Research Program, 2014) defines 
“intense” precipitation events as among the heaviest 1% of all daily events. Knight and Davis 
(2009) define “extreme” precipitation on a daily basis with respect to the 10 wettest days of each 
year, while Hayhoe and colleagues (2007) characterize precipitation as “heavy” if it yields > 50.8 
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mm in 48 hours or less. In the Northeast Climate Impacts Assessment (P. C. Frumhoff, 
McCarthy, Melillo, Moser, & Wuebbles, 2007), the same amount of precipitation is defined as 
“extreme” precipitation if it occurs 48 hours or less. Other definitions are offered by Karl and 
Knight (1998), who defined “extreme” events as exceeding 50.8 mm in only one day, and by 
Groisman et al (2005), who uses the 90th percentile of all historical daily rainfall as a threshold 
for defining “heavy” precipitation, and the 99th percentile for defining “very heavy” precipitation. 
Regardless of how it is defined, extreme precipitation appears likely exacerbate urban runoff 
problems  (Tang & Lettenmaier, 2012), especially in cities with combined sewer systems, which 
already overflow during routine rainfall on existing land cover.  
In search of a cost-effective means of reducing combined sewer overflows (CSOs), urban water 
planners in many US cities are increasingly taking a decentralized approach urban runoff 
reduction utilizing green infrastructure (GI) (Kousky, Olmstead, Walls, & Macauley, 2013). The 
typical goal of municipal GI programs in the NE US is typically to enhance, or to restore 
hydrological processes such as infiltration and evapotranspiration into the urban landscape, so as 
to reduce the sources of runoff within the urban landscape matrix. However, while initial runoff 
monitoring results are encouraging (Davis et al., 2012; Hunt et al., 2010; Olszewski & Davis, 
2013), the ability of GI systems, typically designed to capture the ~25mm “water quality” event, 
to also significantly reduce runoff during extreme precipitation has not been adequately studied.  
Initial observations by the authors suggest somewhat erratic performance. Figure 5, for example, 
presents inflow through a curbcut to a bioretention site receiving street runoff in an intensely 
urbanized watershed in Queens, New York City during both Hurricane Irene (left) and 
Superstorm Sandy (right). Although Irene deposited nearly five times more rain than Sandy, flow 
through the site’s inlet was much greater during Sandy. In this paper, the investigation into the 
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hydrologic and hydraulic performance of this one GI system is extended to include a longer and 
much larger range of precipitation conditions. The results are used to begin to explore the 
potential value of GI systems, intended, designed and built as stormwater management strategies, 
to also help cities adapt to extreme precipitation brought about by climate change.  
 
Figure 5: Flow through the inlet (blue line) versus cumulative precipitation (green line) during Hurricane Irene (left) and 
Superstorm Sandy (right) 
 
Methods 
Runoff capture volumes were computed based on post-construction monitoring data for 92 
different precipitation events occurring between 2011 and 2014.  Site performance was assessed 
on an event basis in terms of the percentage of runoff generated in the tributary drainage area 
that was retained in the GI facility. Uncertainty associated with the precipitation and inflow 
measurements was quantified using Monte Carlo techniques. A regression analysis is used to 
assess the role of different physical and climatological factors in determining PE. 
Site Description 
The study site is a bioretention facility located at the intersection of Nashville Boulevard and 
116th Ave, Queens, NYC (Figure 6 and Figure 7) (and hereinafter referred to as Nashville). One of 
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the first right-of-way GI projects built in NYC, the site was installed in the autumn of 2010 and 
has been monitored since 2011.  It includes two vegetated beds that receive street and sidewalk 
runoff through two separate curb cuts.  This study focuses on the first vegetated bed (Figure 7), 
which has a 125 m2 surface area and receives runoff from an impervious tributary catchment area 
of 475 m2 through a curb cut inlet depicted in Figure 6, comprising a hydraulic loading ratio 
(HLR) of 3.8:1.  
Description of Monitoring Equipment 
The onsite monitoring setup included a full climate station including two tipping bucket rain 
gages (Texas Electronics); an Extra Large 60°V Trapezoidal Flume (Tracom) to measure flow 
through the curbcut inlet to bed #1 (Figure 6), and two pressure transducers (Campbell Scientific 
CS450) to measure the both the water level inside the flume, and the depth of ponding occurring 
in a shallow well positioned in the lowest point of bed #1.  The sampling interval for all sensors 
was five minutes; data was logged on a Campbell CR 1000 data logger, and transmitted to a 
Drexel University server in near real time using cellular modems. To supplement the onsite 
precipitation measurements, precipitation data collected using two more Texas Electronics 
tipping buckets at a second monitoring location 0.6 km away, at the corner of Murdock Ave. and 
Colfax Street were also used in the analysis.  
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Figure 6: Nashville bioretention site. The arrows indicate the inlet’s through where runoff from contributing area get into 
the site and the flume where it is measured 
 
 
Figure 7: Nashiville bioretention site. The green dashed area indicates the catchment area to the site defined by design 
and the blue arrow indicates the stormwater flow from catchment area getting into the site 
 
Defining extreme events 
Because there is currently no agreed upon methodology for defining extreme precipitation, a 
procedure for distinguishing extreme from non-extreme precipitation needed to be developed 
specifically for this study. Using a four hour inter-event dry period, the continuous local 
Bed 1 
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precipitation record was first disaggregated into discreet precipitation events. Only events > 4 
mm were included in the analysis since runoff from smaller events would have been difficult to 
measure in the flume. Other events were eliminated if sensor and/or logger failure was suspected. 
In addition, no inflow monitoring was conducted between mid- October and mid- April, when 
the pressure transducers were removed to avoid freezing. Next, individual events were 
characterized as “extreme” if they yielded either a total depth of precipitation, or if they included 
a peak-hour of precipitation intensity, that was greater than the 95th percentile of all storm events 
recorded at the site between 2011 and 2014.  Before establishing this threshold, a comparison of 
the onsite precipitation data to 50 years (1950-2000) of pooled hourly precipitation data from the 
region was conducted to confirm that the amount and distribution of local precipitation was 
representative. The regional data sets used in this comparison were obtained from New York 
City’s LaGuardia International Airport, Philadelphia International Airport, and Boston 
International Airport.  
Addressing sensor uncertainty  
Sensor uncertainty is an inherent property of any sensor database (Cheng & Prabhakar, 2003), 
and in this study was associated with measurement of precipitation rates and amounts with the 
rain gage, and water levels, using the pressure transducers. A rigorous quantification of 
uncertainty with specifically these measurements was conducted using a Monte Carlo simulation 
technique. To quantify the uncertainty in measurement of precipitation, the mean and the 
standard deviation of the four rain gages were computed for each rain event.  Quantification of 
the uncertainty in the measured water levels was more complex and made use of pressure 
transducer calibration tests performed throughout the four-year monitoring period. During these 
periodic calibration events, the water level recorded by the pressure transducer was compared to 
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the actual water level measured with a graduated tape. Because the pressure transducers readings 
drifted slightly over the years, adjustments were made as necessary to the calibration equation 
used to convert the raw pressure transducer readings to actual water levels. The calibration 
activities also revealed that the standard deviation of the pressure transducer readings varied with 
the depth. The Monte Carlo simulation utilized the standard deviation corresponding to the 
respective range depth, and the mean value obtained by applying the calibration equation to the 
respective reading, considering pressure transducer drift. In this way all precipitation and flow 
measurements were represented not with discreet values, but with distributions reflecting 
uncertainty in the respective measurement. 
Performance Analysis 
To assist in deriving facility performance metrics, distributions of the following parameters were 
computed for each of the 92 precipitation events using the Monte Carlo methodology described 
above:  
VR – Runoff volume generated in the tributary catchment area to Bed #1, [m3] 
VI – Inflow volume through the curb cut, as measured in the flume, [m3] 
VO- Overflow volume, occurring when the depth of ponding exceeded 0.19 m, [m3] 
 
VR was computed using the Curve Number Method (USDA, 1986), whereby: 
 Equation 4   𝑽𝑽𝑽𝑽 =  (𝑷𝑷−𝑰𝑰𝑰𝑰)𝟐𝟐
𝑷𝑷−𝑰𝑰𝑰𝑰+𝑺𝑺
∙ 𝑨𝑨𝒅𝒅 ∙ 𝑪𝑪  
And 
P = total event precipitation depth, [in]  
S = 1000
𝐶𝐶𝐶𝐶
− 10  
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CN = curve number, 98 
Ia = initial abstraction, 0.2 S 
Ad =Drainage area [m2]  
C= conversion factor, 0.0254  
 
A total of 100 different VR values were generated using the mean and standard deviation of the 
precipitation measurements. To verify that the mean of the VR values obtained using the 
empirical CN method in this way were comparable to those that would have been obtained with a 
physical model, a USEPA SWMM model of the tributary catchment area was constructed with 
slope, roughness, depression storage, and flow length and width derived from physical 
conditions of the street. The results (not shown) showed good agreement between the two 
methods. 
VI was computed by summing up the instantaneous flow measurements recorded through the 
flume for 100 Monte Carlo simulations of each event. The depth of flow through the flume was 
simulated using the mean and standard deviation of the pressure transducer readings, as 
described above. Each depth was converted to a volumetric flow rate using the flume rating 
curve provided by the manufacturer: 
 
Equation 5: 
Qi [m3/sec] = 30.657 𝑥𝑥 0.02832 𝑥𝑥 𝐻𝐻𝑖𝑖2.5533𝑥𝑥 300      
Where Hi is the instantaneous water level [m] measured in the flume using the pressure 
transducer at time, i.  
Finally, VI for each Monte Carlo simulation was computed per Equation 6. 
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Equation 6 
VI = ∫ 𝑸𝑸𝒊𝒊𝐝𝐝𝐝𝐝
𝐝𝐝𝐭𝐭𝐭𝐭𝐝𝐝
𝐝𝐝𝐭𝐭
   
  
VO was estimated assuming that the lowest point of the bed’s perimeter curb performed as a 
spillway. Overflow was then computed as flow over the spillway, using Equation 7 
 
Equation 7 
VO[m3] = 𝐶𝐶 𝑥𝑥 𝐿𝐿 𝑥𝑥 ℎ1.5      
Where, 
C = spillway coefficient adopted as 1.84 m/s (Lindeburg, 2008). 
L = width of the inlet = 2.44m  
h = difference between the observed depth of ponding and the condition for overflow 
occurrence (0.19 m), where Monte Carlo distributions of ponding depth were generated 
based on the mean and standard deviation of the shallow well pressure transducer 
readings 
 
Based on these three parameters, two different performance metrics were evaluated. The 
Performance Efficiency (PE) is defined as by ratio between the VI and VR, and is computed 
using Equation 8 below. 
Equation 8 
PE [%] = (𝑽𝑽𝑰𝑰−𝑽𝑽𝑽𝑽)
𝑽𝑽𝑽𝑽
 x 100  
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The Percent Retention (PR), is the percent of inflow that was retained by the site, and is 
computed per Equation 9. 
Equation 9 
PR [%] =  (𝑉𝑉𝑉𝑉−𝑉𝑉𝑉𝑉)
𝑉𝑉𝑉𝑉
 𝑥𝑥 100  
 
Comparing performance of extreme and non-extreme events  
A Kruskal–Wallis (KW) test was conducted to verify if there was a significant statistical 
difference between the distributions of the PE for non-extreme (NOEX) and extreme (EX) 
events. The mean PE values for the NOEX and EX events were compared to one another. 
Regression analysis  
To investigate which factors significantly influenced performance, a multiple linear regression 
was conducted, adopting a stepwise regression procedure and the backward elimination method 
(Devore, 2010). The analysis was executed using the statistical software package, SPSS. Because 
the independent variables used in the regression analyses were measured in different units, 
standardized coefficients (referred to as Beta coefficients) were used to evaluate the relative 
influence of each predictor in PE. To compute these coefficients, the mean value was subtracted 
from each observation and the result divided by the standard deviation, removing the units of 
measurement of the independent and dependent variables from the analysis. The Beta 
coefficients thus express how many standard deviations a dependent variable will change per 
standard deviation increase (or decrease) in the independent variable (Freedman, 2009). 
In the regression analysis, the mean of the distribution of PE values obtained from the Monte 
Carlo simulations was regressed against the following independent variables: 
TP   - Total event precipitation, [mm] 
PEAKH - the intensity of the rainiest 60-minute period within the event, [mm/h] 
D  - storm duration (D) [min] 
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ADP - antecedent dry period, amount of time that elapsed between the current event                    
and the immediately previous event [h] 
YEAR  - the year when the event occurred  
 
Two different sets of regressions were performed. The first set of regressions (referred to as 
RAavg) utilized the actual PE value distributions computed for each event. Four different 
combinations were attempted: 
NT – the true (not transformed) distributions of the independent variables were considered 
LN – the distributions of the independent variables were log transformed 
TSTP – a two slope regression analysis whereby all variables were first log transformed, and 
then TP was split into two different variables, based on the threshold for extreme event in terms 
of TP 
 
TSPH – another two slope regression analysis, whereby all variables were log transformed, and 
then PEAKH was split into two different variables, based on the threshold for extreme event in 
terms of TP 
 
The second set of regressions (referred to as RA100) used the same independent variables as on 
the RAavg (NT, LN, TSTP, TSPH) but with 100 different values of PE randomly selected using 
a Monte Carlo analysis from the PE distribution derived for each event from the observations.  
 
Results  
Breakdown of onsite precipitation data into extreme and non-extreme events 
The cumulative distributions of event total precipitation and hourly precipitation intensity for the 
local measured precipitation and the historical (50 years of data for NYC, Philadelphia and 
Boston; baseline 1950-2000) data are shown in Figure 8 (a) and (b), respectively. Figure 8 (c) 
presents the cumulative distribution of PEAKH for only the local data.  
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The 95th percentile of the local event totals was 32.77 mm, which lies between the 95th and 96th 
percentile of the historical values recorded throughout the region. Regarding the hourly 
precipitation intensity, the 95th percentile of the regional datasets is nearly identical to the local 
value of 5.84 mm/h.  The 95th percentile of PEAKH for local data was 17.52 mm/h. Thus, the 
thresholds adopted to define extreme events in this study were 32.77 mm for event total 
precipitation and 17.52 mm/h for event PEAKH.  
 
Figure 8: Cumulative distribution function (CDF) of event total precipitation (A) and hourly precipitation intensity (B) 
for the local and historical data; (c) CDF of event peak-hourly intensity (PEAKH) for local data 
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Using this definition, of the 92 events that were analyzed, 78 were classified as NOEX and 14 
classified as EX. Compared to NOEX, the EX events presented higher and more variable total 
precipitation, peak-hour intensity, 5 minutes-peak intensity and duration. Regarding antecedent 
dry period and average intensity, NOEX and EX presented similar values (Figure 9).  
 
 
Figure 9: Precipitation characteristics [of total precipitation (TP); 5-minutes peak intensity (PEAK5); peak hourly 
intensity (PEAKH); average intensity (AVGI); storm duration (D); antecedent dry period (ADP)] of non-extreme (NOEX) 
and extreme (EX) events 
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Site Performance 
As an introduction to the four years of site performance, and because they are infamous in the 
NYC area, the hydrologic and hydraulic conditions at the site during two specific extreme 
events, Hurricane Irene and Superstorm Sandy, are called out for detailed characterization. Irene 
deposited 163 mm of total precipitation, and sustained a peak precipitation intensity of 26 mm/h. 
Sandy yielded only 33 mm of TP and presented a 5mm/h peak intensity (Figure 10). As 
mentioned in the Introduction, though Irene generated five times more precipitation than Sandy, 
the volume and rate of flow through the curb cut was much higher during Sandy (Figure 10).  On 
the other hand, while the site did not pond during Sandy, it overflowed twice during Irene as the 
ponding depth overtopped the concrete curb separating the bioretention from the local catchbasin 
(Figure 10). This overflow was, however, very short in duration (10 minutes) and in magnitude 
(0.085 m3) 
 
 
Figure 10: Ponding depth inside the bioretention (blue line) versus cumulative precipitation (green line) during Hurricane 
Irene (left) and Hurricane Sandy (right). The horizontal blue line represents the ponding depth (0.19m) at which the site 
would overflow 
 
The site did not overflow during any other EX or NOEX events occurring during the four-year 
observation period. In fact, there was rarely any surface ponding, nor any overflow, at all over 
the course of the monitoring period (Figure 11). For this reason, the PR for all the events except 
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Irene was 100%, indicating that the site could retain 100% of the stormwater that entered the site, 
virtually all of the time. 
 
Figure 11: Ponding level observed during the period analyzed. The dashed horizontal line represents the ponding depth at 
which the site would overflow. The solid lines represent the average ponding level (medium gray), ponding level (dark 
gray) plus standard error (SE), ponding level minus SE (clear gray).  
 
 
Figure 12: Box plots of the PE values for all events. The lower and upper value of the box represents the 25th and the 75th 
percentile respectively. The line in the middle of the box represents the median and the whiskers represent the lower and 
higher values that are not outliers (values that are >1.5 box lengths under or above the 25th and 75th percentile 
respectively).  
 
The PE values, however, varied significantly by event, and present a more nuanced picture of 
how the site performed (Figure 12). For example, the mean PE during Irene was 14±0.68% while 
during Sandy was 1427±168%. In fact, many events yielded PE distributions that extended 
above 100%. Two possible explanations are offered. The effective catchment area during these 
Sandy 
Irene 
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events could have been greater than that defined by design, perhaps due to catchbasin clogging 
and/or bypass of upstream catchbasins due to debris buildup on their grills. It is also possible that 
VR, as estimated by the CN approach could have been underestimated for small events, as has 
observed elsewhere  (Pitt et al., 1999). To avoid distortions due to such effects and to be 
conservative in the performance assessment, all PE values exceeding 100% were assigned a 
value of 100% for the statistical analyses.  
 
The variability of PE with TP and PEAKH is represented in Figures 13 and 14, respectively. 
Figure 13 and Figure 14 are bar graphs representing the mean ± one standard deviation (SD) of 
PE for different ranges of TP and PEAKH values, respectively. The mean PE value varied from 
91±13% for events with TP ≤ 5mm, to 54±37% for events with TP > 25mm. The mean PE value 
varied from 86.4±22% for events with PEAKH ≤ 8 mm/h, to 60±35% for events with PEAKH > 
12 mm/h. These results suggest that storms of greater total precipitation and greater intensity 
lead to greater bypass. 
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Figure 13: Mean PE (± 1 standard deviation) for ranges of total precipitation in mm 
 
 
 
Figure 14: Mean PE (± 1 standard deviation) for ranges of peak-hourly intensity in mm/h 
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Comparing performance of extreme and non-extreme events  
Box plots depicting the PE distributions for each event, ranked by total precipitation are shown 
in Figure 15a and Figure 15b for NOEX events and EX events, respectively. Aggregated data for 
all the NOEX and EX events, respectively are presented in box plots shown in Figure 15c.  
The mean PE associated with NOEX events was 77±28%, whereas during the EX events this 
mean was 60±36% (Figure 15). For 51% of the NOEX events, the mean PE was between 90-
100%, while 43% of the EX events presented mean PE values in the same range (Figure 16). 
These results suggest that extreme events slightly diminished performance, both in terms of the 
absolute PE value, and the likelihood that a particular storm (be it NOEX or EX) would be fully 
captured. The Kruskal-Wallis test results indicate that the distribution of PE values for NOEX 
and EX events were statistically different (p-value < 0.05).   
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Figure 15: Box plots of performance efficiency (PE) for each event ordered by total precipitation for NOEX (A) and EX 
(B) events; box plots of performance efficiency (PE)  of all NOEX and EX events grouped (C) 
 
 
Figure 16: Performance efficiency (PE) ranges per percentage of all NOEX/EX events  
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Regression analysis  
The ANOVA indicated that all the models found in the RAavg and RA100 have fundamental 
significance (p-values < 0.05). The Durbin-Watson statistics of the models ranged between 2.165 
and 2.277, indicating that there was no autocorrelation between the residuals.  The results for 
RAavg and RA100 are summarized in Table 5, and the Beta coefficients for the significant 
predictors for each RAavg analysis are showed in Table 6. The RA100 analyses confirmed the 
significant predictors found in RAavg. Each of the 100 RA100 runs generated a model with the 
respective Beta coefficients for the predictors. Figure 17 displays boxplots representing the 
distribution of these Beta coefficients for the significant predictors from all RA100 analyses 
conducted. 
Table 5: RAavg and RA100 results for each RA category  
RA Types 
RA categories Models' R-squared range Significant predictors      
(p-value< 0.05) 
RAavg 
NT 0.24-0.26 PEAKH, duration, year 
LN 0.29-0.31 TP, year 
TSTP 0.27-0.31 TP1(related to TP), year 
TSPH 0.29-0.31 TP, year 
RA100 
NT 0.21-0.29 PEAKH, duration, year 
LN 0.20-0.30 TP, year 
TSTP 0.21-0.30 TP1(related to TP), year 
TSPH 0.21-0.31 TP, year 
 
Table 6: Standardized coefficients Beta for the significant predictors for each RA category 
RA type RA category DURATION PEAKH YEAR TP 
RAavg 
NT - 0.384 - 0.264 0.233 
 LN 
 
 0.272 -0.412 
TSTP 
  
0.283 -0.395 
TSPH 
  
0.272 -0.375 
RA100 
NT - 0.328 - 0.222 0.212 
 LN 
  
0.269 -0.399 
TSTP 
  
0.277 -0.378 
TSPH 
  
0.265 -0.327 
 
89 
 
 
 
Figure 17: Box plots of distributions for the standardized coefficients of the significant predictors found in each RA100 
analyses category. (A) NT; (B) LN; (C) TSTP; (D) TSPH 
Discussion 
The 95th percentile of hourly precipitation intensity measured onsite (5.84 mm/h) was similar to 
that derived from the 50 years of regional datasets, and the 95th percentile of total precipitation 
measured locally (32.77 mm) was slightly higher than that of the pooled regional data (26.67 
mm). The slight difference in TP is likely because the average precipitation between 2011 and 
2014 (1,342.72 mm; Table 7) was high compared to the long term average (1,149.35 mm) 
(C) (D) 
(A) (B) 
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(NOAA, 2015). The difference could also be due to non-stationarity, but a longer local record 
would be needed to confirm if that were true.  
Table 7: New York City annual precipitation from 2011-2014 (NOAA, 2015) 
YEAR ANNUAL PRECIPITATION (mm) 
2011 1,849.74 
2012 978.15 
2013 1,176.72 
2014 1,366.27 
                                                     
The key point is that even though the years analyzed were wetter than the historical regional 
average, the site overflowed only once, and rarely ponded, during the course of the monitoring 
period. The lack of overflow occurrence indicates that the site is able to retain 100% of the 
runoff that was able to get into the site through its inlet, with Hurricane Irene as the only 
exception. This finding could be related to the site’s low HLR (3.8:1). As mentioned, Nashville 
was one of the first GI sites built in NYC. More recently constructed GI sites may be loaded at 
HLRs of nearly 50:1 (Miller et al 2014). In such instances, the GI system could fill up rapidly 
following initiation of runoff, causing saturation bypass, and potentially also overflow. The low 
HLR of the Nashville site limits the conclusions drawn from this study to sites with high internal 
storage capacity, relative to the tributary area, focuses attention instead on inlet hydraulics during 
extreme and non-extreme precipitation. 
Though this facility retained virtually all its inflow, during nearly half of all the events a portion 
of the runoff generated in its tributary catchment area was not able to enter the facility inlet. This 
findings suggests that there will be some bypass even in GI sites designed with low HLR. In 
other words, with this kind of inlet, perfect performance does not appear possible; inlet bypass 
detracts from GI system performance.  
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Comparing PE of NOEX and EX events  
The results revealed that for NOEX events, the PE was higher (77% ±28%) than for EX events 
(60% ±36%). Moreover, during NOEX events the site had less runoff bypass than during EX 
events, suggesting that the larger and more intense the event, the lower the PE, and the more 
likely for bypass to occur.  
However, the PE for more than half of the NOEX events was less than 100%, indicating that 
during the majority of the NOEX events, at least some runoff bypassed the site’s inlet. In 
addition, out of 14 EX events, 6 presented PE of 100%, i.e. even though these six events were 
extreme, all the runoff generated during the storm was able to get in the inlet and was managed 
by the site. These results hint climate factors may not be solely responsible for the observed 
bypass, and that other factors may be contributing to this phenomenon. 
Site performance during Irene and Sandy 
Although a large volume of precipitation and runoff were generated in the catchment area (75m3) 
during Irene, the effective inflow to the site was very low (10 m3), indicating that the low PE was 
associated with most of the runoff  bypassing the site’s inlet. Given the small volume of inflow, 
relative to VR, the overflow occurrence during this event was likely caused by the incident 
precipitation not being able to infiltrate into the soil at the rate that it was being applied to the 
surface as rainfall.  
During Sandy, even though the total depth of rainfall (33mm) was much lower than that 
associated with Irene, the volume of inflow (150 m3) was much greater than the volume of runoff 
(11 m3) that would have been computed if the incident rainfall were multiplied by the tributary 
catchment area defined by the original design. The additional runoff could have originated in 
upgradient catchment areas that would have ordinarily entered the combined sewer system 
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through other catchbasins that may have been clogged by leaves and other debris that 
accumulated during this windy autumn event. Many trees fell during this event  (NYC DEP 
(New York City Department of Environmental Protection), 2012) possibly diverting runoff from 
other areas to the Nashville inlets. 
 Regression analysis  
Although the correlation coefficients were all relatively low (< 0.5), the ANOVA results 
displayed fundamental significance (p-value < 0.05), suggesting that  in general storm duration, 
peak-hourly intensity, and total precipitation were all significant (negative) predictors for PE. 
The larger, longer, and more intense the event, the more likely the event would result in a lower 
PE value due to inlet bypass.  
The ANOVA also revealed that the year that the storm occurred was another significant predictor 
of PE. This parameter was included in the regression analyses initially to investigate if PE was 
decreasing over the years due to potential loss in infiltration capacity led by soil compaction 
caused by successive storms. However, the results showed that in fact this predictor was 
positively correlated to PE, suggesting that site performance has been getting better over the 
years.  A potential explanation for this seeming anomaly could be maintenance regime. In 2013, 
Drexel instituted a Citizen Science program through which local high school students visited the 
site regularly to service the monitoring equipment, and remove debris. In 2014, the frequency of 
these maintenance activities was increased, which could have contributed to the highest average 
PE (90%) occurring since the beginning of monitoring. The relationship between maintenance 
and PE is being investigated in detail in a parallel paper (Smalls-Mantey et al, in preparation).  
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Summary and conclusions 
The hydrological performance of a bioretention site located in Queens, NYC was assessed 
considering extreme and non-extreme rain events occurring between 2011 and 2014, including 
Hurricane Irene and Superstorm Sandy. The site overflowed just once and seldom ponded over 
the course of the entire monitoring period, probably due to its small HLR. Though PE values 
were slightly lower during extreme events with greater volumes, durations, and intensities of 
precipitation, performance appears to be more heavily related to inlet bypass. 
Overall, this study showed that Nashville successfully reduced runoff volumes from the drainage 
area suggesting that green infrastructure systems designed with this inlet type and at this 
hydraulic loading ratio can potentially mitigate the impacts of extreme precipitation on combined 
sewer systems, playing an important role helping cities to build resilience to climate change. 
Maintenance of such sites, however, appears to be key in sustaining performance levels. Future 
work should statistically compare maintenance practices to PE values to evaluate the relative 
importance of these factors in system performance. In addition, further research should 
investigate the hydrological performance of bioretention areas with other HLRs, other inlets, and 
other design configurations to isolate their effects on performance as well.  
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Chapter 4: Potential climate change impacts on vegetation installed in green 
infrastructure 
Abstract 
This study investigated the impacts of successive droughts and floods on the instantaneous 
stomatal conductance (gS) of two species (Carex lurida and Liriope muscari) commonly 
installed in green-infrastructure (GI) sites built in the urban northeast USA. Belowground 
biomass growth (Bg) was added as a second indicator of the plants’ responses to drought in a 
second experiment. These two indicates, gS and Bg, were used because of their respective roles 
in key ecosystem functions and services associated with functions like transpiration and carbon 
uptake. The results indicate that both species have greater tolerance for floods than for droughts. 
Signs of stress were only evident after a simulated flood exceeding the duration of 95% of all 
storms that occurred in this geographic region between 1950 and 2000. By contrast, simulated 
droughts had a more pronounced effect on both the instantaneous and recovery gS values of both 
species. Liriope subjected to drought treatments were all able to recover and to re-establish a gS 
levels similar to those displayed by a control group even after repeated drought treatments. By 
contrast, Carex were only able to fully recover to the first half of the drought treatments, in two 
separate rounds of experiments. However, regardless of moisture conditions and treatment, 
Carex generally displayed higher gS than Liriope, indicating greater transpiration, and CO2 
uptake than Liriope. The Bg results supported this finding, i.e. Carex gained more Bg than 
Liriope during all experiments. At the end of the experiment, the Carex subjected to drought had 
less than one sixth the biomass of the control treatment, whereas for Liriope this ratio was only 
50% (drought to control). The drought treatments, therefore, reduced the biomass of Carex more 
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than it did Liriope, when compared to the respective control plants. Nonetheless, both species 
survived repeated cycles of droughts and floods, as well as an accidental extreme temperature 
episode (48 hours over 40 Celsius), suggesting that these particular species are likely suitable for 
use in GI facilities, despite projected future increases in the frequency and intensity of floods and 
droughts in this geographic region. From a practical perspective, the results suggest no need for 
irrigation or potential replacement of plants in GI systems in a changed climate.  
Introduction    
Urban ecosystem managers are actively adding new types of vegetation to the urban landscape 
(City of Philadelphia, 2013; Horton et al., 2015; Kaila, 2014; Pincetl, 2010). The motivation for 
these projects may be very specific, for example to better manage urban stormwater (Pincetl, 
2010; PWD (Philadelphia Water Department), 2009a; Save the rain, 2015), or much more broad, 
for example to engender urban energy savings (H. Akbari, 2009; Gregory McPherson, 1992; 
David J Nowak & Crane, 2002; James R. Simpson, 2002), to sequester carbon (David J. Nowak, 
Hoehn, Crane, Stevens, & Walton, 2007; Searle et al., 2012), to restore, enhance, or create new 
habitats (McGuire & Palmer, 2015), to foster social justice (Wiener, 2015), to improve health 
(Frumkin, 2013; Mooney, 2015) and aesthetics (Casado-Arzuaga, Onaindia, Madariaga, & 
Verburg, 2014; Radford & James, 2013), and to promote public safety (Kondo & Troy, 2015; 
Vineyard et al., 2015). Independent of the specific motivation behind their construction, and 
when installed at sufficient scale, these and other forms of green infrastructure (GI) are believed 
to provide a range of ecosystem services (Kousky et al., 2013) that can potentially also be 
instrumental in making cities more resilient to climate change (De Sousa, Montalto, & Spatari, 
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2012; Mason & Montalto, 2014; F. A. Montalto, 2013; Spatari, Yu, & Montalto, 2011; Union 
European, 2010).  
Of course, such benefits can only accrue in a meaningful way if GI systems themselves are not 
vulnerable to climate stressors. Existing literature does not address this topic adequately. Very 
little research has been published describing specifically the ability of different kinds of 
vegetation to withstand floods and droughts, climatic conditions that are predicted to increase in 
frequency across the Northeast (NE) United States in the decades to come (NCA, 2013). The 
most closely related research was conducted in non-urban landscape contexts under historical 
climatic conditions that differ from those anticipated for this region in the future. The literature 
that is perhaps most relevant focuses, however, on forestry species (M. Johnston & 2001; Nash 
& Graves, 1993; Simmons, Wu, & Whisenant, 2007), agricultural crops (Chakrabarti, 
Bongiovanni, Judge, Zotarelli, & Bayer, 2014; Ficklin, Luo, Luedeling, & Zhang, 2009; Tomar, 
2015; Xie, Eheart, & An, 2008),  and species found in semi-arid landscapes (Asgarzadeh et al., 
2014; Litvak, McCarthy, & Pataki, 2012; Livtak, Mccarthy, & Pataki, 2011). No studies focusing 
on specifically the kinds of vegetation currently being planted in urban GI projects in the NE 
U.S. were found in the literature.  
To begin to address this knowledge gap, this paper focuses on two species of vegetation 
commonly planted in small urban GI systems, used as a means of stormwater source control in 
the urban NE US. The two species, Carex lurida and Liriope muscari, are among those species 
commonly found  in more than 2,000 bioswales that are being installed in New York City (NYC 
DEP, 2014), and more than 1000 rain gardens to be installed in Philadelphia by the end of 2015 
(PWD, 2015). A key question is whether these species will be able to continue providing 
ecosystem services despite the projected increase in these particular climatic stressors, since GI 
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systems that cannot persist may eventually deliver disservices (Pataki et al., 2011), for example 
necessitate artificial irrigation, require regular plant replacement, become public eyesores, etc.  
This goal is addressed by assessing plant response to simulated floods and droughts conducted in 
a set of greenhouse experiments. Stomatal conductance (gS) is used as the primary indicator of 
plant response to the simulated conditions. A direct measurement of the exchange of carbon 
dioxide and water vapor through the stomata, small pores found on the top and the bottom of 
leaves (Taiz & Zeiger, 2006), gS is related to many important plant physiological functions, and 
thus also key to sustaining the ecosystem services that depend on them.  It is  of critical 
importance in both agronomic and ecological studies (Augé, Toler, & Saxton, 2015). Leaf gas 
exchange exerts a controlling influence on photosynthesis, hydration, and ultimately also 
biomass accumulation, crop yield, and carbon sequestration. In addition, through stomatal 
control of plant gas exchange the ecosystem water and carbon cycles are coupled to the regional 
and global climate (Schulze et al., 1996). 
In agricultural and forestry studies, gS is readily used to assess the effects of different irrigation 
regimes on plant health. For example, in a study that evaluated the ability of urban trees to 
provide cooling, Rahman et al. (2014) reported that the higher the gS, the faster the species grew 
and the greater the cooling effects due to transpiration. Another study (Héroult, LIN, Bourne, 
Medlyn, & Ellsworth, 2013) used gS to evaluate the ability of different species of Eucalyptus to 
cope with varied climatic conditions. Maes and Stepp (2012) evaluated gS as an index to 
estimate drought stress of agricultural species. Rogiers and colleagues (2012) used gS to assess 
the sensitivity of a grapevine species to soil moisture content. Lima and others (2015) measured 
gS to assess the effects of different irrigation regimes on crop yield. Most of these studies, 
however, assess the effects of water stress or waterlogging on plants during the treatment, but do 
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not investigate if the species were able to recovery once the soil moisture content is restored to 
more favorable levels.  
Materials and Methods  
The research was conducted in a greenhouse and consisted of two distinct experiments, 
conducted between June 2013 and November 2013 (Experiment 1), and between May 2014 and 
October 2014 (Experiment 2). During Experiment 1, the plants were subjected to successive 
simulated floods and droughts, while Experiment 2 focused exclusively on a sequence of 
droughts, as described in more detail below. The Carex were supplied in 6.35 cm plugs by Long 
Greenbelt Native Plant Center, a nursery of New York City Parks and Recreation and the Liriope 
in 16.50 cm pots by David Brothers Nursery, a plants supplier for Philadelphia Water 
Department.  
Soil moisture was measured continuously during both sets of experiments. Decagon 5TE soil 
sensors were used to measure root zone soil moisture continuously at hourly sampling intervals. 
The soil sensors were connected to an EM50 Decagon logger calibrated to the specific conditions 
of the soil used in the experiment following the procedure specified by Decagon (2015). 
As the primary indicator of the plants’ response to the simulated floods and droughts on the 
plants, daily instantaneous measurements of stomatal conductance (gS) were conducted 
throughout both experiments using two SC-1 Decagon leaf porometers. The porometers were 
calibrated daily following the procedure indicated by Decagon (2015) and specific calibration 
adjustments applied each day, per the manufacturer. Measurements were performed near noon at 
the middle of the leaf blades of three top sunlit leaves per plant per day. The individual daily 
readings were then averaged by species and by treatment, such that a daily average gS value for 
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all plants subjected to each treatment could be computed.  Kruskal–Wallis tests were conducted 
to check for differences in the distribution of gS readings by species, treatment, and by period. 
The effects of the different treatments were evaluated per species by comparing the average gS 
values obtained for the control plants to those obtained for the flood and drought treatments. The 
percent difference between these two average values, normalized by the average control plant 
values, is defined as the parameter DP. In theory, the DP values reach their highest values at the 
end of each treatment, whereas at the end of the recovery period, the DP values are lowest. In 
general, when DP > 0, the treatment plants are assumed to be under stress, compared to the 
control plants, whereas when DP ≤ 0, the treatment and control plants are assumed to be of 
similar stress status.  
Table 8 lists acronyms used in describing the various parameters of the research. Details on the 
key differences between Experiment 1 and Experiment 2 are presented below. 
Table 8: Variables, parameters and acronyms description 
Description Acronym 
Carex under drought CD 
Carex under control CC 
Carex under flood CF 
Liriope under drought LD 
Liriope under control LC 
Liriope under flood LF 
Stomatal conductance gS [mmol/m2/s] 
average stomatal conductance of control plants AC [mmol/m2/s] 
average stomatal conductance of drought plants AD [mmol/m2/s] 
average of the stomatal conductance of flood plants AF [mmol/m2/s] 
difference between AC and AD (drought treatment) or AF (flood treatment), normalized by AC DP [%] 
air temperature  AIR TEMP [Celsius] 
relative humidity RH [%] 
solar radiation  SOLAR [watts/m2] 
volumetric water content inside the pots: volume of water contained in each 1 m3 of soil VWC [m3/m3] 
average of the VWC of the drought pots from the three previous day  VWC3DAVG[m3/m3] 
the day within the period treatment, varying from 1 to 27 in drought periods and from 1 to 3 in recovery periods PERDAY 
the day within the experiment, varying from the first day of the experiment to the last day of the experiment DATE EXP 
starting belowground biomass Bgstart [kg] 
belowground biomass in the end of the experiment Bgfinal [kg] 
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belowground biomass growth for control plants  ΔBgc [kg] 
belowground biomass growth for drought plants ΔBgd [kg] 
belowground biomass growth reduction ratio  Bgreduction 
  
Experiment 1 
Nine rectangular Rubbermaid pots sizing 82.55cm (depth), 52.07cm (width), 47.24 cm (height) 
were randomly positioned in the greenhouse and filled with soil composed of 60% sand, 30% 
fines, and 10% organic matter. This soil type and depth was selected to closely represent the 
engineered soil mixes used in NYC GI facilities. During the first week of May, 2013 two Carex 
lurida and two Liriope muscari were planted at opposite corners of each rectangular pot, at 
separation distances also similar to GI field installations. For the first 40 days of the experiment 
all plants were kept well-watered, close to the field capacity with the VWC inside the pots 
between 0.25 m3/m3 and 0.28 m3/m3. During the beginning of June, 2013, three different 
irrigation regimes (e.g. control, drought, and flood) were applied to different sets of pots.  
Experiment 1 thus featured three treatments, with three replicates pots per treatment, and a total 
of six individual plants per treatment (Figure 18). A total of seven drought and five flood cycles 
were simulated. Details on each treatment are as follows: 
Control conditions: Plants were kept well-watered, close to the field capacity.  
Drought conditions: The plants were not watered during the drought periods but were irrigated as 
much as the control plants during their recovery periods. The drought ended when DP exceeded 
75%. This particular threshold was derived during a previous exploratory, and unpublished, 
experiment designed explicitly to establish a upper bound DP value that would be unlikely to 
result in the mortality of the individual plants subjected to the simulated drought. The recovery 
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period ended when the average gS values of the drought plants approached those of the control 
plants (e.g. when DP approached zero).  
 
Figure 18: Experimental set-up for experiment #1 (left) and #2 (right) 
  
Flood conditions: The plants were saturated with 2 cm of standing water during the flood periods 
and allowed to drain to the same moisture regime as the control plants during the recovery 
period. The durations of the floods, and their subsequent recovery periods, were determined 
using the same criteria described for the drought treatments. 
Experiment 2 
Experiment 2 was similar to Experiment 1, except that:  
• No flood treatments were included 
• There were five replicate pots, instead of three as in Experiment 1, for the treatment 
(drought) and the control 
• The duration of the simulated droughts was longer than those included in Experiment 1 
based on historical drought data, as described below 
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• Hourly temperature, solar radiation, relative humidity and air pressure were continuously 
measured with a Hobo weather station at each hour by a climate station installed at the 
greenhouse.   
• Belowground biomass (Bg) growth was evaluated as a secondary indicator of plant 
response, as described below   
While in Experiment 1, the drought duration was based on a concern regarding plant mortality, 
in Experiment 2, the drought durations were based on actual climatic conditions observed in the 
NE US region. Using a pooled assembly of 50 years of hourly precipitation data collected at 
three different regional airports (Philadelphia International Airport in Philadelphia, PA, John F. 
Kennedy International Airport in Queens, NY, and Logan International Airport in Boston, MA), 
box plots were created to represent the variability in the total number of dry days (days with 
precipitation ≤ 3 mm; NCA, 2013) over the entire growing season, a period assumed to last from 
June to October (Figure 19.A). The maximum number of consecutive dry days occurring during 
each month of that same period (Figure 19.B) was also extracted from the pooled historical data.  
The final selected drought duration (27 days) and number of drought cycles (five) ultimately 
used in Experiment 2 exceeds the 95th percentile of all seasonal droughts, but is also significant 
at the monthly scale. A 27 day drought would be the 88th, 80th, 80th, 92th and 53th percentile 
droughts for June, July, August, September, and October, respectively. To meet these conditions, 
the recovery period following each drought had to be limited to three days.  
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Figure 19: Box plot of the total number of dry days from June to October (A) and box plots of number of consecutive dry 
days per month (B). Data for New York City, Philadelphia and Boston (baseline time: 1950-2000) 
  
A multiple linear regression using a backward elimination approach was used to investigate 
which of the various factors shown in Table 9 most impacted the measured gS values. Conducted 
using the software package SPSS Statistics, separate regression analyses were conducted for 
each species by type of treatment and by period. 
  
(A) (B) 
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Table 9: Independent and dependent variables used in the regression analyzes  
Treatment Period Independent variables Dependent variable 
Drought 
Drought 
AIRTEMP 
AD during drought period  
RH 
SOLAR 
VWC inside the drought pots  
PERDAY 
DATE EXP  
VWC3DAVG 
Recovery 
AIRTEMP 
AD during recovery period 
RH 
SOLAR 
VWC inside the drought pots 
PERDAY 
DATE EXP 
VWC3DAVG 
Control NA 
AIRTEMP 
AC 
RH 
SOLAR 
VWC inside the control pots 
DATE EXP 
 
 
As a secondary indicator of plant health, below ground biomass growth was tracked before and 
after Experiment #2. In April 2014, when the plants first arrived at the greenhouse, five 
randomly selected individuals of each species type were washed with water until all the soil was 
removed from the roots. After they were allowed to dry, the below ground biomass of these 
individuals were determined, and the plants discarded. The below ground biomass of the five 
individuals of each species were then averaged. In October 2014, at the end of Experiment 2, all 
of the control and drought plants of each species were unpotted, washed, dried, and weighed to 
determine the below ground biomass. As with the initial values, averages were computed by 
species, and this time also by treatment. The belowground biomass growth (Bg) was computed 
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as the difference between the initial and final values, was computed separately by species, and by 
treatment. The Bg reduction, a function, of the specific drought treatments was then computed by 
Equation 11. 
Equation 10 
𝐁𝐁𝐁𝐁 𝐫𝐫𝐭𝐭𝐝𝐝𝐫𝐫𝐫𝐫𝐝𝐝𝐫𝐫𝐫𝐫𝐭𝐭 = 𝚫𝚫𝐁𝐁𝐁𝐁𝐫𝐫
𝚫𝚫𝐁𝐁𝐁𝐁𝐝𝐝
 
ΔBgc [kg] = [Bgfinal - Bgstart]control plants 
ΔBgd [kg] = [Bgfinal - Bgstart]drought plants 
Bgstart [kg] = starting belowground biomass 
Bgfinal [kg] =  belowground biomass in the end of the experiment 
Results 
A synthesis of the Experiment 1 and Experiment 2 results is provided in Table 10 below. More 
nuanced descriptions of the detailed results are presented in the subsections that follow. Table 10 
is organized by species, experiment, and treatment. Separate columns represent the mean, 
maximum, and minimum gS values in each of these categories, averaged over all replicates, and 
treatments, for all days in each experiment. To prepare Table 10, first the average gS values 
measured for all plants found in each pot of each treatment was computed for each day of the 
entire series of drought and flood cycles. Next, the mean, highest, and lowest gS daily values 
were extracted from this pot-averaged dataset. These values are presented in columns 4, 5, and 6 
of the table. A similar approach was taken to derive the mean, maximum, and average DP values. 
First, the average DP values were computed for each pot, and then the mean, highest, and lowest 
of these values were extracted from this dataset and are presented in the 7th, 8th, and 9th columns 
of the table. The standard deviations shown in the table represent variability in the results over 
replicates and over time.  
Table 10 shows that with only one exception the gS values of the controls were higher than those 
of both of the treatments. The one exception are the lowest gS values observed in the Liriope 
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drought treatment of Experiment #2, which exceeded those of the respective control. On average, 
the treatments reduced gS of the plants by between 10 and 40%, when compared with the 
respective control. Differences of up to 86% were observed, however, in the lowest DP of the 
drought Carex in Experiment 1. 
Table 10: Summary of stomatal conductance results (gS [mmol/m2/s]) and DP[%] for experiment #1 and #2.  
Species Experiment Treatment gS max [mmol/m2/s]) 
gS min 
[mmol/m2/s]) 
gS avg 
 [mmol/m2/s]) 
DPmax 
[%] 
DPmin 
[%] 
DPavg 
[%] 
Liriope 
#1 
Control 429 (±17)  75(±4) 241(±13) NA NA NA 
Drought 361 (±8) 64(±10) 180(±11) -28 (±17) 75(±17) 26 (±14) 
Flood 359 (± 11) 37 (±4) 182(±14) - 44(±12) 78(±17) 22 (±14) 
#2 
Control 370(±17) 23(±7) 169(±13) NA NA NA 
Drought 236(±8) 39(±2) 113(±7) -26(±11) 81 (±16) 25 (±17) 
Carex 
#1 
Control 797(±44)  196(±10) 402(±24) NA NA NA 
Drought 601(±45) 34(±3) 254(±22) -50 (±27) 86 (±26) 34 (±24) 
Flood 698± (43)    62± (15) 349(±15) -74(±37) 77 (±15) 10 (±17) 
#2 
Control 534(±26) 243(±9) 365(±18) NA NA NA 
Drought 400(±22) 103(±11) 214(±16) -8(±26) 77 (±22) 40 (±29) 
 
Experiment 1 
Drought Treatment Results: 
The droughts of Experiment 1 lasted from 10 to 21 days, but were based on the measured 
difference in gS between the control and treatment plants. When added together, the 165 day 
experiment included 111 days of drought, roughly equivalent to the 25th percentile seasonal 
drought (Figure 19.A). 
Figure 20 presents the average gS measurements obtained for all control and drought plants in the 
full sequence of seven drought cycles. The upper graphic depicts the Liriope measurements, and 
the lower depicts the Carex measurements. The whiskers represent one standard deviation 
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associated with the measurements made for all plants in each treatment on each day.  Also shown 
is the mean soil moisture measured in all the drought pots for each day of the experiment. The 
standard deviation of the moisture content measurements is not shown because it was small 
relative to the scale shown. The average gS measurements, and standard deviations, measured in 
each pot, of each treatment, during each of the seven drought cycles are shown in greater detail 
in graphs included in the Appendix. All individuals of both species survived the drought 
treatments. Carex, presented higher gS readings (although more variable) than Liriope.  
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Figure 20: Daily average stomatal conductance  of Liriope (A) and Carex (B) over all the drought cycles (1-7). Black bars represent AC and gray bars represent AD. 
Black line represents the volumetric water content inside drought pots (at 22cm depth). 
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Table 11: P-values from Kruskal-Wallis test by cycle of drought and per period for each species. P-values < 0.05 indicate that there are statistical significant differences 
between the gS of plants under control and under drought and so plants were affected by drought; conversely P-values > 0.05 (font in bold) indicate that there are no 
statistical differences between the gS of plants under control and under drought and so plants were recovered.  
  Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 
Species Drought Recovery Drought Recovery Drought Recovery Drought Recovery Drought Recovery Drought Recovery Drought Recovery 
Carex 0.001 0.085 < 0.001 0.08 < .001 0.667 < .001 0.022 < .001 < .001 < .001 0.002 < .001 < .001 
Liriope 0.001 0.692 < 0.001 0.185 < .001 0.153 < .001 0.239 < .001 0.355 0.001 0.222 0.000 0.361 
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Figure 21: Difference percentage (DP) between the average daily stomatal conductance of control and drought plants over all drought cycles (1-7) of the experiment 
(Liriope [A]; Carex[B]). Turquoise line represents the volumetric water content (VWC) inside drought pots. 
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The Kruskal-Wallis test results for the drought treatment are presented in Table 11. The analysis 
revealed that for all of the simulated drought periods, the average gS of CD and LD were 
statistically different (at the 0.05 significance level) than the gS of CC and LC, respectively. This 
observation suggests that under drought, both species experienced water stress. However, the LD 
were able to increase their gS to levels similar to the control plants during the recovery periods in 
all cycles, whereas CD were able to fully recover from only the three first drought cycles, as 
indicated by the recovery p-values shown in Table 10. This observation may suggest that the 
Liriope are more resilient to drought than the Carex, an interesting tradeoff given that the Liriope 
also presented lower gS readings overall, as noted above.   
As expected, the DP values for the CD and LD were greatest at the end of each drought period, 
when the volumetric moisture content (VMC) inside the drought pots reached its lowest levels 
(typically between 0.10 and 0.15 m3/m3). Conversely, at the end of each recovery period, when 
the VWC inside the drought pots was closer to the soil’s field capacity, the DP for both species 
was reduced (Figure 21.A). The DP of the CD plants were typically higher and more variable than 
those of the LD (Figure 21.B). Also, with the exception of the first drought cycle, typically CD felt 
the effects of the drought sooner that CC; it also took longer to recover than LD. 
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Flood Treatment Results 
The simulated floods varied from 12-48 days, a significantly longer period of time than the 
longest wet spell found in the historical data (Figure 22). In the field, flooding of this duration 
could have occurred in depressions or other locations with inadequate drainage. In total, out of 
the 165 day experiment, the plants were subjected to 128 days of surface inundation.  
 
 
Figure 22: Cumulative distribution function of wet spell duration (in days) for 50 years of precipitation data from 
Philadelphia International Airport (Philadelphia PA), John F. Kennedy International Airport (New York City, NY) and 
Logan International Airport (Boston, MA) 
 
The average gS measurements, and standard deviations, measured in each pot, of each treatment, 
during each of the five flood cycles are shown in greater detail in graphs included in the 
Appendix. All individuals survived all the floods, but as with the droughts Carex, presented 
higher gS readings (although more variable) than Liriope (Figure 23).  
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The Kruskal-Wallis test results for the flood treatment are presented in Table 12. The impacts of 
the flood treatments on the species were less consistent, compared to the droughts. Statistically 
significant differences between the individual CF were observed during cycles 1 and four only, 
whereas the gS values of the LF were statistically different from the LC during all cycles, except 
cycle 5. None of the species suffered the effects of the last flood (cycle five) and because of that, 
no recovery period was conducted in this cycle. Regarding the recovery periods, the CF were 
able to recover from all the floods except for cycle 4, whereas the LF were able to recover from 
cycle 1 and 4 only. This observation suggests that the ability of the two species to recover to the 
two different climatic conditions differs. Carex recovered better from floods, while Liriope 
recovered better from droughts, perhaps unsurprising given that Carex are classified as wetland 
plants.  
From cycles one to four, LF usually felt the effects of the floods earlier and took longer to 
recuperate than CF. In cycle five, the last flood cycle, the species performed similarly and most 
of the time they presented negative DP values, and so it was not necessary to conduct a recovery 
period in such cycle (Figure 24). 
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Figure 23: Daily average stomatal conductance  of Liriope (A) and Carex (B) over all the flood cycles (1-5) of the experiment. Black bars represent average of the 
stomatal conductance of control plants (AC) and gray bars represent average of the stomatal conductance of flood plants (AF). Black line represents the volumetric 
water content inside flood pots (at 22cm depth). 
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Table 12: P-values from Kruskal-Wallis test by cycle of flood and per period for each species. P-values < 0.05 indicate that there are statistical significant differences 
between the gS of plants under control and under flood and so plants were affected by flood; conversely P-values > 0.05 (font in bold) indicate that there are no 
statistical differences between the gS of plants under control and under flood and so plants were recovered. During flood period of cycle 5 flood plants there were 
significant differences between control and flood plants, but gS of flood plants were higher than gS of control plants. 
 
  Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 
Species Flood Recovery Flood Recovery Flood Recovery Flood Recovery Flood Recovery 
Carex 0.003 0.626 0.734 0.637 0.257 1.000 < 0.001 0.002 
see 
caption 
not 
performed 
Liriope 0.007 0.052 0.003 0.002 0.004 0.004 0.005 0.735 
see 
caption 
not 
performed 
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Figure 24: Difference percentage (DP) between the average daily stomatal conductance of control and flood plants over all flood cycles (1-5) of the experiment (Liriope 
[A]; Carex[B]). Green line represents the volumetric water content (VWC) inside flood pots. 
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Experiment 2 
The experiment was intended to inclde five cycles, each including 27 days of drought and three 
days of recovery. However, the first cycle was interrupted at day 17 due to the accidental closing 
of the greenhouse windows, an event which completely suppressed ventilation, leading to air 
temperatures in the greenhouse reaching as high as 60 C. This event caused all the control and 
treatment plants to wilt (Figure 25). Though all of the plants ultimately survived, an extended 19 
day recovery period was required for the plants to fully recuperate before the next drought cycle 
could be attempted. The first cycle was thus not considered in the results, which instead focused 
on the remaining four complete cycles.  
 
Figure 25: Drought pot on June 6 (left) and June 9 (right), after the extreme heat accident 
 
Figure 26 display the average gS measurements obtained for control and drought plants over the 
four remaining drought cycles. The upper graphic shows the Liriope gS readings, and the lower 
depicts the Carex measurements. The whiskers represent one standard deviation associated with 
the measurements made for all plants in each treatment on each day.  The soil moisture content 
measured in the drought pots over the experiment is also represented. The standard deviation of 
the moisture content measurements is not shown because it was small relative to the scale shown. 
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(The average gS measurements, and standard deviations, measured in each pot, of each 
treatment, during each of the five drought cycles are shown in greater detail in graphs included in 
the Appendix).  
As in Experiment #1, all individuals of both species survived the drought treatments, and Carex, 
presented higher gS readings (although more variable) than Liriope.  
 
 
Figure 26: Daily average stomatal conductance of Liriope (A) and Carex (B) over all the drought cycles (2-5). Black bars 
represent AC and gray bars represent AD. Black line represents the volumetric water content inside drought pots (at 
22cm depth) 
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The Kruskal-Wallis test results for the drought treatment are presented in Table 13. The test 
results follows the trends found in Experiment #1 and revealed that for all of the drought periods, 
the average gS of CD and LD were statistically different (at the 0.05 significance level) than the 
gS of CC and LC, respectively. This observation indicates that under drought, both species 
experienced water stress. Nevertheless, the LD were able to increase their gS to levels 
comparable to the control plants during the recovery periods in all cycles, whereas CD were able 
to fully recover from only the first drought cycle, as showed by the recovery p-values shown in 
Table 13. This observation appears to confirm the Experiment #1 finding, namely that the Liriope 
are more resilient to drought than the Carex, though Carex generally exchange more gas through 
their leaves.  
Table 13: P-values from Kruskal-Wallis test by cycle of drought and per period for each species. P-values < 0.05 indicate 
that there are statistical significant differences between the gS of plants under control and under drought and so plants 
were affected by drought; conversely P-values > 0.05 (font in bold) indicate that there are no statistical differences 
between the gS of plants under control and under drought and so plants were recovered. 
  Cycle 2 Cycle 3 Cycle 4 Cycle 5 
Species Drought Recovery Drought Recovery Drought Recovery Drought Recovery 
Carex 0.004 0.226 <0.001 <0.001 <0.001 0.014 <0.001 0.013 
Liriope 0.011 0.94 0.002 0.121 <0.001 0.143 0.040 0.126 
  
Also repeating the trends found in experiment 1, the DP values associated with CD and LD were 
greatest at the end of each simulated drought, when the VWC inside the drought pots were low, 
whereas the DP values were generally at their lowest levels at the end of the recover periods, 
when VWC inside the drought pots would be nearby field capacity (Figure 27.A). The DP 
observed for CD were typically higher and more variable than for LD (Figure 27.B). Also, except 
by the first drought cycle, CD typically felt earlier the effects of drought and took longer to 
recover than LD. 
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Figure 27: Difference percentage (DP) between the average daily stomatal conductance of control and drought plants over 
all drought cycles (2-5) of the experiment (Liriope [A]; Carex[B]). The blackline represents the volumetric water content 
(VWC) inside drought pots. 
 
Regression analysis results 
All models resulting from the regression analyses conducted were found to be significant (p-
value < 0.05), meaning that they can be used to reliably predict gS. When considering the 
Liriope, the significant (p-value <0.05) predictors of the gS of the LD during the droughts are, in 
order of decreasing importance, VWC, VWC3DAVG, DATEEXP, RH and AIRTEMP 
significantly (p-value < 0.05). VWC and DATEEXP were the most important predictors 
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correlated to gS, while DATEEXP and AIRTEMP were negatively correlated to gS, indicating 
that the higher the VWC and RH, and the lower the AIRTEMP the higher the gS of LD during 
the drought periods. The negative correlation of DATEEXP suggests that, even though the  gS is 
expected to increase as the plant grows, as the experiment progresses the gS of LD was 
negatively affected by the successive treatments. However, during the recovery periods, the gS 
of the LD appeared to be significantly (p-value < 0.05) negatively affected by AIRTEMP, and 
positively affected by VWC3DAVG and VWC. These results suggest that once the VWC was 
restored to optimum conditions, air temperature was the factor that most impacted the gS of LD. 
For LC, the significant predictors for gS were DATEEXP and AIRTEMP. These results indicate 
that under no water stress conditions, the gS of Liriope increased as the growing season 
advanced and AIRTEMP again impacted gS negatively.  
During both the drought and recovery periods, the VWC was a significant predictor of gS for the 
CD, and was positively correlated to gS, whereas DATEEXP, was also a significant predictor, 
and was negatively correlated to gS. This finding suggests that as the experiment progresses, CD 
suffered the cumulative impacts of the droughts treatments. The difference was that during the 
drought period, the most impacting predictor for gS was VWC, followed by DATEEXP, whereas 
during the recovery period, when the water supply was abundant, the most important predictor 
was DATEEXP followed by VWC and SOLAR. For CC, VWC and AIRTEMP were equally 
significant predictors and positively correlated to gS, indicating that the higher the temperature 
and the VWC, the higher gS was expected to be.  
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Belowground biomass growth 
Over the course of experiment #2, LC gained 2.25 times more belowground biomass than LD, 
whereas for Carex, this ratio was 6.28:1. The belowground biomass growth results are 
summarized on Table 14, Figure 28 and Figure 29. 
 
Figure 28: Belowground biomass growth (kg) by individual plant and treatment (Carex[A]; Liriope [B]) 
Table 14: Belowground biomass growth and belowground biomass growth reduction ratio by species and treatment 
Species ΔBgc [kg] ΔBgd [kg] Bgreduction 
Liriope 0.09 0.04 2.25 
Carex 0.44 0.07 6.28 
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 Figure 29: Box plots of the distribution of below ground biomass growth percentage by species and treatment (A). Mean 
(± 1 SD) of below ground biomass growth percentage by species and treatment (B) 
Discussion 
Both species survived the treatments of successive droughts and floods, enduring the floods 
better than the droughts, and Carex, regardless the treatment, always presented higher gS than 
Liriope. This observation suggests that Carex may transpire more and take up more CO2 than 
Liriope, even under harsher climatic conditions.  
Both species took a long period to suffer reductions in their gS levels due to floods, and Carex 
took even a longer time to present a reduced gS under flood conditions than Liriope. This period 
was significantly longer than the maximum permissible post-storm ponding time allowed in GI 
installations in New York City (48 hours) (Shetty, 2015) and in Philadelphia (72 hours). The 
period of time required for a significant reduction in gS due to floods to manifest was also 
significantly longer than the duration of 95% of the storms that occur historically in this region 
(Figure 22). Neither species seemed to suffer the effects of cumulative floods either, and indeed 
during the last cycle of flood, the DP of the flood plants was always much lower than the 
threshold that had been adopted as a criteria to cut the treatments and start the recovery period.  
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The observed responses of Carex lurida to flood treatments were comparable to oneother study 
(Ewing, 1996)  that found that C. rostata and C. stipata did not present reduction in their gS 
levels when subjected to flood treatments. These results suggest that these species are quite 
resilient to floods. These results also indicate that Carex lurida and Liriope muscari can be 
considered appropriate plants to use in GI subjected to flood conditions.   
By contrast, in both rounds of experiments both species displayed reductions in gS as a result of 
the drought treatments. However, it was also evident during the recovery periods of both 
experiments that LD was better at recuperating than LC. These results suggest that under water 
stress Carex and Liriope were conservative, closing their stomata to avoid water loss by 
transpiration. However, once the soil moisture content was brought back to field capacity, 
Liriope was more readily able to re-open its stomata than Carex, restoring gS to levels similar to 
control plants. On the other hand, in both experiments, CD were able to adopt this stomata 
closure-aperture mechanism regulated by water supply conditions only during the first cycles of 
drought. Thenceforth in both experiments, CD was never able to achieve gS levels equivalent to 
the CC. In other words, the Carex closed their stomata during the drought periods, but were then 
not able to fully open them again (compared to the control plants) once the period of water stress 
was ended.  
 
It is important to note that, although stomatal closure is beneficial under water stress, as it limits 
water loss from leaves through reduced transpiration, there is also a potential cost to this water 
savings. Closed stomata reduce the transpirative cooling capability of leaves, which leads to 
potential leaf heat stress under water-limited growth regimens, affecting plant health and 
productivity (Engineer et al., 2015). Furthermore, closed stomata limits the species’ ability to 
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deliver at least ecosystem services associated with two plant functions: evapotranspiration and 
carbon sequestration. Therefore, it is desirable that once the VWC is restored to regular levels, 
the species have the ability to promptly open their stomata and start to evapotranspire and up 
take CO2 normally.   
The observed gS values obtained for Liriope muscari subjected to drought treatments were 
slightly higher than those reported by others (Domenghini, Bremer, Fry, & Davis, 2013; Ewing, 
1996), though all of the studies suggest that L. muscari is reasonably resistant to droughts. For 
Carex, the present findings for drought treatment were consistent with another study that 
reported  a 50% reduction in gS in C. arenaria, C. hirta and C. elata subjected to drought 
conditions (Busch & Lösch, 1998). By inference, this comparions suggests that Carex lurida 
might also be appropriate in GI subjected to regular drought. This tolerance of Carex lurida and 
Liriope muscari to extreme climatic conditions may explain their current usage in GI facilities, 
which has been based on horticultural experience as opposed to monitoring data.  
Both species presented high variability in their daily gS values throughout the two experiments. 
In general, Carex presented higher variability than Liriope. It is interesting that the variability in 
gS was also a characteristic of the control plants, indicating that other factors besides soil 
moisture status, can influence stomatal conductance. The regression analyses conducted 
confirmed this finding. AIRTEMP impacted negatively gS of Liriopes, regardless treatment or 
period during the cycles, whereas RH impacted positively LC during the droughts periods. Yet 
while solar radiation showed to do not affect Liriopes in general, it significantly impacted CD 
during drought periods. It is important to note that, even though AIRTEMP was found to reduce 
gS levels of Liriope (either under drought or control), they were able to endure an accidental heat 
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shock occurred in the third week of the experiment, when all plants inside the greenhouse were 
submitted to temperatures over 40 C (up to 60C) for more than 48 hours.  
Overall, regardless the treatment, Carex gained much more belowground biomass than Liriope. 
On the other hand, results showed that droughts expressively impacted the belowground biomass 
growth of Carex much more than of Liriope.  
Summary and conclusions 
This study was a preliminary investigation of the impacts of successive floods and droughts on 
the gS and below ground biomass of two species (Carex lurida and Liriope muscari) commonly 
specified in GI sites of NYC Parks and Recreation and PWD.  
Both species withstood the floods better than droughts, taking a longer time (higher than the 
duration of all the storms that occurred in NYC, Philadelphia and Boston from 1950-2000) to 
start to suffer the effects of the floods. Regarding droughts, both species were impacted by the 
successive treatments. However, LD recovered from all the drought periods, being able to 
reestablish their gS to levels similar to LC even in the end of the experiments, whereas CD 
recovered just from the first half of the drought treatments in both round of experiments. On the 
other hand, Carex presented higher levels of gS than Liriope regardless the treatment applied, so 
Carex transpire and uptake more CO2 than Liriope. 
Below ground biomass results followed the trends of gS findings. Carex gained much more 
below ground biomass during the experiment than Liriope. Conversely, CC gained 6.25 times 
more belowground biomass than CD, and for Liriope this ratio was just 2, indicating that the 
drought treatments reduced much more the biomass gain of CD than of LD. 
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These results indicated that the resilience to adverse climatic conditions is species sensitive, and 
Carex appears to be generally more resilient to floods, whereas Liriope to drought. Nonetheless, 
these findings also showed that there was an expressive tradeoff between resilience versus 
biomass production and stomatal conductance. While drought reduced the gS and biomass gain 
(in terms of percentage) of Carex more than for Liriope, in terms of absolute numbers the two 
plants health indicators used in this experiment were expressively higher for Carex than for 
Liriope, irrespective of the treatment applied. More research is necessary in order to investigate 
how this tradeoff would translate in terms of gain and or loss of ecosystem services. 
Despite the fact the treatments reduced gS and also biomass growth of Carex and Liriope, both 
species survived successive droughts and floods cycles, and also an accidental extreme 
temperature episode (48 hours over 40 Celsius). These preliminary results indicate that these 
species might be suitable to be used in GI and would likely endure adverse climatic conditions 
not requiring artificial irrigation or even potential replacement of plants. It is important to note 
that this experiment was conducted inside a greenhouse, and so the plants were not subjected to 
other disturbances that coupled to water stress could have had a significant negative impact on 
them, which could possibly change these findings. Therefore, it is recommended to replicate 
these experiment in an outdoor environment, taking into account other potential threats (e.g. salt 
brought by runoff during winter time, insects outbreak diseases due to high temperatures coupled 
with droughts) whose impact could be amplified under extreme climatic conditions. In addition, 
given that gS varies significantly along the day, future investigation could look to all day long 
measurements of gS of GI species in order to infer transpiration daily rates and in this way 
estimate likely effects of small vegetated patches in urban microclimate, verifying if small scale 
GI could potentially mitigate heat island effects. Finally, it is suggested that further studies 
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should cover the assessment of other species currently being specified in GI designs to explore 
their capacity to survive in a changing climate environment.  
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Chapter 5: General conclusion 
 
This thesis investigated the use of green infrastructure (GI) as an effective strategy to help cities 
to build resilience to climate change. In order to address this main objective, three different, yet 
complementary topics were investigated: GI as a mitigation strategy to reduce future global 
warming, GI as a measure for adapting to climate change and GI’s vulnerability to climate 
change. Three hypotheses were then formulated:   
Hypothesis #1: Green infrastructure can reduce GHG emissions associated with urban drainage 
infrastructure 
• Compared to grey (stormwater management) infrastructure strategies, GI releases lesser 
GHG emissions over its entire useful life 
 
Hypothesis #2: GI can help cities adapt to extreme precipitation 
• GI facilities can significantly reduce urban runoff even during extreme precipitation  
 
Hypothesis #3: GI vegetation is not vulnerable to climate change, especially to floods and 
droughts  
• The risk of plant mortality within the expected envelope of climate variability (floods and 
droughts) is insignificant.   
To test hypothesis #1 a study was conducted at the watershed scale level using life cycle 
assessment techniques to compare the carbon footprint of a green and a grey strategy to reduce 
combined sewer overflow occurrence (CSO) in a highly urbanized watershed. The decentralized 
green strategy outperformed the grey strategy in terms of this set of environmental metrics. The 
net emissions of the green strategy over 50 years were 19,500 t CO2-eq whereas the grey 
strategies emitted 87,500 t CO2-eq. These results were significantly influenced by the emissions 
associated with the operation and maintenance activities required for the grey strategy, and the 
carbon sequestered and shading provided by the vegetation in the green strategy, and suggest that 
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watershed managers who seek to reduce CSOs and reduce carbon footprints should opt for the 
green approach.     
To address hypothesis #2 an investigation at the site scale evaluated the performance of a 
bioretention installed in an urban watershed during non-extreme (NOEX) and extreme (EX) 
precipitation events including Hurricane Sandy and Hurricane Irene. Results showed that the site 
rarely ponded and just overflowed once (during Irene), but for a short time (10 minutes) 
generating an insignificant volume (0.085 m3), indicating that the bioretention was able to retain 
practically 100% of the all the precipitation incident and the runoff routed to it. However, not all 
the runoff generated in the catchment area was able to get into the site’s inlet, revealing that the 
site’s performance is more affected by runoff bypass than overflow. Overall, on average 70% of 
the runoff generated in the catchment area was retained by the site, wherein during NOEX this 
percentage was 77%, while in EX it was 60%. During Irene, just 13% of the runoff was captured, 
whereas in Sandy besides all the runoff generated in the catchment area, runoff generated in 
upstream drainage areas was also managed by the site. Regarding the distribution of frequency of 
the performance, in 51% of the NOEX and in 43% of the EX events, the site was able to retain 
between 90% and 100% of the runoff generated in the catchment area. Regression analysis 
results indicated that storm duration, total amount of precipitation and peak-hourly intensity were 
significant predictors (p-value < 0.05) and negatively correlated with the site’s performance. The 
year when the event occurred was also a significant predictor, but positively correlated to the 
performance, likely because of a better established vegetation root system favoring the 
infiltration process and or an increase in the frequency of maintenance/cleaning of the site over 
the years. Overall, this analysis showed that the studied bioretention successfully reduced runoff 
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volumes from the drainage area suggesting that green infrastructure can mitigate the impacts of 
extreme precipitation on combined sewer systems. 
Finally, to examine hypothesis #3 an experiment conducted in a greenhouse evaluated the 
response of two plant species (Carex lurida and Liriope muscari) commonly used in vegetated 
GI sites (in Philadelphia and New York City) to consecutive periods of floods and drought. 
Stomatal conductance (gS) and belowground biomass growth (Bg) were adopted as plant’s 
health indicator because they are linked to plants’ fundamental processes and intrinsically to 
ecosystem services such as transpiration and carbon sequestration. The species tolerated better 
floods than droughts, taking a long time (higher than the duration of 95% of the storms that 
occurred in NYC, Philadelphia and Boston from 1950-2000) to start to suffer the effects of the 
floods. gS of both species were significantly reduced by drought treatments. However, LD 
recovered from all the droughts periods, being able to re-establish their gS to levels similar to the 
LC even in the end of the experiments, whereas CD recovered just from the first half of the 
drought treatments in both round of experiments. On the other hand, Carex presented higher 
levels of gS than Liriope regardless the treatment applied, so they transpire and uptake more 
CO2 than Liriope. Bg results followed the trends of gS findings. Carex gained more Bg during 
the experiment than Liriope. However, CC gained more than 6 times more Bg than CD. For 
Liriope this ratio was nearby 2, indicating that the drought treatments reduced more the Bg of 
CD than of LD. Despite the fact the treatments reduced gS and also Bg of LD and CD, both 
species survived to the successive droughts and floods cycles, and also to an accidental extreme 
temperature episode (48 hours over 40 Celsius). These results indicate that these species are 
suitable to be used in GI and would likely endure adverse climate, not requiring artificial 
irrigation or potential plants replacement. 
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The methodologies developed for each of the studies that composed this thesis are reproducible, 
however the results found were limited to the specifics inputs and assumptions adopted for each 
one of these studies (Table 15). Regarding the study presented in chapter 2, the results found are 
especially qualified to the assumed climatological inputs, as well as to the specifics typologies 
and spatial distribution of GI facilities over the study area. The results presented in chapter 3 are 
expressly   constrained by the hydraulic and hydrological characteristics of the study site. 
Finally, the findings reported on chapter 4 are restricted to the species investigated and also to 
the environmental conditions to which they were subjected, i.e. water stress in a semi-controlled 
climate environment.  
The extent to which GI technologies can help cities to build resilience to climate change is a 
function of several factors (e.g. physical, spatial, infrastructural, economic, social, institutional, 
among others) that constraints GI application on the urban environment, and so the full extent of 
this application remains to be investigated. Future research should look to wide-ranging of GI 
typology distribution and configuration over urban watersheds coupled with varied climatic, 
social and institutional scenarios. Further work should also investigate other factors that could be 
affecting the performance of the GI technologies that were not evaluated here, in particular the 
maintenance regime of GI sites. In addition, future studies should cover the assessment of other 
species currently being specified in GI designs to explore their capacity to survive and keep 
delivering environmental services in a changing climate environment. Such research should 
focus on outdoor experiments to take into account other potential threats whose impact could be 
amplified under extreme climatic conditions, such as salt brought by runoff during winter time, 
insects outbreak diseases due to high temperatures coupled with droughts and others.  
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Table 15: Caveats of the thesis and future work suggested 
 Main goal Caveats/Study qualified by: Future Research needs 
Chap. 2 Mitigation value of GI • climatological inputs 
• soil typology of the watershed 
• distribution/typology of GI facilities   
Test a wide-ranging of GI typology distribution and configuration over urban watersheds coupled with varied climatic, social and institutional scenarios Chap. 3 Adaptation value of GI • hydraulic and hydrological characteristics of the site 
• inlet conditions  
Investigation of  factors beyond the climate driving the bypass mechanism (e.g. maintenance)  Evaluation of performance of sites with higher HLR’s; as well as; performance of sites with super-efficient inlets but limited storage capacity inside Chap. 4 Vulnerability of GI • types of species 
• semi-controlled environment 
• midday gS measurements 
Test vulnerability of other GI species to climate change via outdoor experiments  All day long outdoor gS measurements to infer potential mitigation of urban heat island effect by GI including non woody vegetation. 
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Figure 30: Exp. #1 flood cycles 1, 3 and 4 of Liriope (left) and Carex (right). Lines represent the stomatal conductance of control and flood plants averaged per pot. Blue, green and beige lines 
represent gS averaged by species in pots control 1, control 2 and control 3, respectively. Red, purple and yellow lines represent gS averaged by species in pots flood 1, flood 2 and flood 3, 
respectively. Pink rectangle represents the flood period and blue rectangle represents the recovery period. Error bars represent +/-1 standard deviation. 
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Figure 31:  Exp. # 1 flood cycle 2 for Liriope (top) and Carex (bottom). Lines represent the stomatal conductance of control and flood plants averaged per pot. Blue, green and beige lines 
represent gS averaged by species in pots control 1, control 2 and control 3, respectively. Red, purple and yellow lines represent gS averaged by species in pots flood 1, flood 2 and flood 3, 
respectively. Pink rectangle represents the flood period and blue rectangle represents the recovery period. Error bars represent +/-1 standard deviation. 
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Figure 32: Exp. #1 flood cycle 5 for Liriope (top) and Carex (bottom). Lines represent the stomatal conductance of control and flood plants averaged per pot. Blue, green and beige lines 
represent gS averaged by species in pots control 1, control 2 and control 3, respectively. Red, purple and yellow lines represent gS averaged by species in pots flood 1, flood 2 and flood 3, 
respectively. Pink rectangle represents the flood period and blue rectangle represents the recovery period. Error bars represent +/-1 standard deviation. 
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Figure 33: Exp. #1 drought cycles 1 to 3 of Liriope (left) and Carex (right). Lines represent the gS of control and drought plants averaged per pot. Blue, green and beige lines represent gS 
averaged by species in pots control 1, control 2 and control 3, respectively. Red, purple and yellow lines represent gS averaged by species in pots drought 1, drought 2 and drought 3, 
respectively. Pink rectangle represents the drought period and blue rectangle represents the recovery period. Error bars represent +/-1 standard deviation. 
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Figure 34: Exp. #1 drought cycles 4 to 6 of Liriope (left) and Carex (right). Lines represent the gS of control and drought plants averaged per pot. Blue, green and beige lines represent gS 
averaged by species in pots control 1, control 2 and control 3, respectively. Red, purple and yellow lines represent gS averaged by species in pots drought 1, drought 2 and drought 3, 
respectively. Pink rectangle represents the drought period and blue rectangle represents the recovery period. Error bars represent +/-1 standard deviation. 
152 
 
 
 
 
 
Figure 35: Exp. #1 drought cycle 7 of Liriope (left) and Carex (right). Lines represent the gS of control and drought plants averaged per pot. Blue, green and beige lines represent 
gS averaged by species in pots control 1, control 2 and control 3, respectively. Red, purple and yellow lines represent gS averaged by species in pots drought 1, drought 2 and 
drought 3, respectively. Pink rectangle represents the drought period and blue rectangle represents the recovery period. Error bars represent +/-1 standard deviation. 
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Figure 36: Exp. # 2 drought cycles 2 to 4 of Liriope (left) and Carex (right). Lines represent the gS of control and drought plants averaged per pot. Blue, green, beige, purple and yellow 
continuous lines represent gS averaged by species in pots control 1, control 2 and control 3, control 4 and control 5 respectively. Red, turquoise, orange, light blue and dark green dashed 
lines represent gS averaged by species in pots drought 1, drought 2 and drought 3, drought 4 and drought 5 respectively. Pink rectangle represents the drought period and blue rectangle 
represents the recovery period. Error bars represent +/-1 standard deviation. 
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Figure 37: Exp. # 2 drought cycle 5 of Liriope (left) and Carex (right). Lines represent the gS of control and drought plants averaged per pot. Blue, green, beige, purple and yellow continuous 
lines represent gS averaged by species in pots control 1, control 2 and control 3, control 4 and control 5 respectively. Red, turquoise, orange, light blue and dark green dashed lines represent 
gS averaged by species in pots drought 1, drought 2 and drought 3, drought 4 and drought 5 respectively. Pink rectangle represents the drought period and blue rectangle represents the 
recovery period. Error bars represent +/-1 standard deviation. 
 
 
 
 
 
 
